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Supporting Methods

The Vulnerability Framework

Vulnerability or vulnerabilityframeworks are used in a variety of contexts to support

decision making taddressisks to the most vulnerable membefsa systento change[1].

The three dimensions that makewypnerabilityare usuallydescribed asensitivity (the lack

of potentialfor a species to persistsituy, exposure (the extent to w
physical environment will c¢change) and | ow ad
negative impacts of climate change through dispersal and/or-ewotationary chage).

This general idea has been suggested for assessing species risks from climat¢2jlaanmhe

is used in some case studies (4.8).5]).

A body of work already exists on biological tragissociated with vulnerability to extinction

due to historichreatenig processefsi 9]. Because climate change poses a new threat, there
is little empirical informatiorwith which to assesaulnerability, except in a limited way for
species that were exposed to relatively rapid climate shifts during the quafé@jayd rare

case studiegl1i 13]. Instead, we used literature review, expert opinion based on expectations
from ecological and evolutionary theory to identify traits assediatith each dimension of

climate change&ulnerability (hereafter referred teimply as vulnerabitiy).

Determining the trait sets

Throughtwo workshops and various other consultations, we gathered input from over 30

scientists whose delctive expertise covers a broad range of taxonomic groups and

ecosystemsgsee SupprtingDi scussi on, O0Caveat slTogathedwitt ncer t ai
extensive literature survey, this process identified more than 90 biological traits that may be
associa e d wi t fulnergbibtydd cleraté changelhe traitswere consolidated, firstly

according tahethree dimensions ofulnerabilityi.e., sensitivity, exposurand low adaptive

capacity and s ubs e qu esnetfosgénsitivity, a vedblie muenbedforr a i t

exposureandtwo for low adaptive capacitys outlined below.



Sensitivity

In thevulnerabilityframework context, sensitivity is regardedias lack of potential for a
species to persigt situ). Here we describBve componentso§ ensi t i vity, ter me.

g r o guapted from[14]).

A. Specialised habitat and/or microhabitat requirements Across many studies of both
animals and plants, threatened and declining species include a disproportionate number of
specialists compared to generalstglof species with extensive geographic randés.
Under a changing climate, most species are likely to face changes in their habitats and
microhabitats and thse less tightly coupled to specific conditions and requirements are
likely to be more resilienSensitivityis increasedvhere a species has several life stages,
each with different habitat enicrohabitat requirements (ewgaterdependent larval
amphibans), or when the habitat or microhabitat to which the species is spedisilized
particularly vulnerable to climate chanigepacts (e.gmangroves, cloud forests or polar
habitats) However, in some cases (e.g. deep sad, extreme specialization may
allow species to escape the full impacts of competition from native or invading species
so the interaction of such traits with climate change must be considered carefully for each
speciesgroupassessédh i s trait group i slowmadaptve ndepende
capacityas habitat and/or microhabitat specialisation dismreases the chances of
successful colonisation if species are able to disperse to new climatically suitable areas,
(e.g., plants confined to limestone outcrops; e@gesting bats).

B. Narrow environmental tolerances or thresholds that are likely to be exceeded due to
climate change at any stage in the life cycl@he physiology and ecology of many
species is tightly coupled to very specific ranges of climatic variables such as
temperaturgprecipitation, pH and carbon dioxide levels, and those with narrow tolerance
ranges are particularly vulnerable to climglt6]. Even species with broad environmental
tolerances and unspecialized habitat requirements may already be close to thresholds
beyond which ecological or physiological function quickly lkedown (e.g.,

photosynthesis in plantprotein and enzyme function in animals).

C. Dependence on a specific environmental trigger that is likely to be disrupted by
climate change: Many species rely on environmental triggers or cues for migration,
breedimg, egg laying, seed germination, hibernation, spring emergande range of
other essential processes. While some cues such as day length and lunar cycles will be

unaffected by climate change, others such as rainfall and temperature (including their
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interacing and cumulative effects) may be severgipacted Speciesend tobecome
vulnerable to changes in the magnitude and timing of these cues whieadhto an
uncoupling with resources or other essential ecological processes e.g., early spring

waming causes the emgence of a species beforefit®d sources are available. Climate

changevulnerabiltyi s compounded when different stage

different sexes rely on different cues.

D. Dependence on interspecific interactions wbh are likely to be disrupted by climate
changeeMany speciesd interactions with prey,

competitors will be affected by climate changgher due to the decline or loss of these

h

resource speci es f mamgesarlbss of syechrenizatienint s peci e:

phenology. Species dependent on interactions thatérerableto disruption by climate
change are at risk of extinction, particularly where they have high degree of specialization
for the particular resource speca®d are unlikely to be able to switch to or substitute

other species.

E. Rarity: The inherent vulnerability of small populations to allee effects and catastrophic
events, as well as their generally reduced capacity to recover quickly following local
extinction events, suggest that many rare species will face greater impacts from climate
change than more common and/or widespread species. We consider rare species to be
those with small population sizes and those that may be abundant but are geographically
highly restricted. In cases where only a small proportion of individuals reproduce (e.qg.,
species with polygynous or polyandrous breeding systems or skewed sex ratios), we use
an estimate of effective popul ati amre si ze
known to be declining or subject to extreme (greater thafotdhfluctuations in
population size, we set less conservative population size thresholds. Similarly, thresholds
of larger population sizes were used for species with congregatory bregsgiams,
since they are more likely to experience catastrophic population declines.

Exposure

These measuresflect the climate change driven environmental pressures on species, based
on their geographic locations. For the main results of our studypmgder projected
changes in four pressures by 2050, though other pressures, their combinations and alternative

time frames could also be used.
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A. Sea level rise Although no global projections of sea level rise are currently available,
regional models or stbgate measures such as occurrence in coastal habitat types can be
used to assess speciesod |ikelihood of thre:

levels.

B. Temperature change:Projections of temperature change are typically baséslemeral
Circulation Model outputsand interpreted based on the ecosystem occupied by the focal
species group (e.g., air temperature for amphibians, sea surface temperature for corals)
Biologically relevant components tdmperaturehange typicallynclude changes in

means, variability arldr extremes (magnitude and frequency)

C. Precipitation change As for temperature changes, these are typically based on General
Circulation Model outputsind biologically relevant components may include changes in

means, variability md/or extremes (magnitude and frequency)

D. Elevated atmosphericCO;impacts: While not strictly a climate change phenomenon,
we consider this otherwise overlooked potential threat in the general suit of elimate
change related impactoth direct impacts oflevated C@levelsand resulting ocean
acidification(e.g.,on corals)andindirectimpacts(e.g., through changes in competitive
relationshipbetween @and G plantg should be consideredquatic species are likely
to be affected by increased g&bsorption by water bodies, the effects of which are
projected to be particularly marked in marine ecosystems where ocean acidification and
the resulting lowering of calcite and aragonite saturation levels lead to reduced growth
and dissolution of organismth calciumcarbonate exoskeletons or plates, including
corals, coccolithophore algae, coralline algae, foraminigédrallfishandpteropodg17].

Low adaptive capacity

This set of traits reflects the extent to which species have the capaetutethe impacts
of changes in their immediateveronment through dispersal adaptive change. We define

two | ow adaptive capacild)y otrait groupso (ad

A. Poor dispersability: In general, the particular set of environmental conditions to which
each species is adapted will shift to increasatitudes andaltitudes in response to
climate change. Species with low rates or short distances of dispersal (e.g., land snails,
ant and rain drop splash dispersed plants) are unlikely to migrate fast enough to keep up

with these shifting climatic envelopes and will face increasing extinction risk as their


http://en.wikipedia.org/wiki/Shellfish
http://en.wikipedia.org/wiki/Pteropod

habitats become exposed to progressively greater climatic changes. Evespelces

could disperse to newly suitaldeeas extrinsic barriers may decrease changes of
dispersal success. Dispersal barriers may be geographic features such as unsuitable
elevations (e.gspecies confined to mountain ranges), oceans fergpecis on small
islands or at the polar tip of a land mass), rivers, and for marine species, oceats cur
and temperature gradientsjauitable habitats and/or anthropogenic transformation may
also act as dispersal barriers for habitat specialised spkriks context we describe
species as having dispersalriers both when suitable areas exist but extrinsic factors
make them unlikely to reach them, as well as when no newly suitable areas are likely to

exist (e.g.for polar species).

B. Poorevolvabilty: Speci esd potential for rapid genet.i
they will be able to undergo evolutionary adaptation at a rate sufficient to keep up with
climate driven changes to their environments. Species with low genetic diversity, often
indicatedby recent bottlenecks in population numbers, potentially face inbreeding
depression and generally exhibit lower ranges of both phenotypic and genotypic variation.
As a result, such species tend to have fewer novel characteristics that could facilitate
adaptation to the new climatic conditions. Where they exist, direct measures of genetic
variability can be supplemented with infor|
ranges and on the success of any past translocation efforts. Indirect meésure
evolvability relate to the speed and output of reproduction and hence the rate at which
advantageous novel genotypes could accumulate in populations and Ejgicies
Evidence suggests that evolutionary adtph is possible in relatively short time frames
(e.g. 5 to 30 yeand 9]) but for most species with long life cycles (elgtge animals and
many perennial plants), such adaptation is unlikely to keep up with the rate of climate

driven changes to their environments.

Selecting appropriate traits and assigning scores

Guided by the trait groups described above careducted a second round of expert
consultation and through consensus we comptiekbgical, ecological, physiological and
environmental traits thatre pertinent for assessitige particular climate change
vulnerability of each taxonomic grouf he traits selected for birds, amphibians and corals
areshown in Table$§1-3 andarediscussed in the next sectjaxcept for sensitivity trait

group C (dependence on environmental triggers or cues) for birds, wablet@ represent



each of therait graups with at least one trait for eatetixonomic groupChallenges in

selecting traits included balancing selection of the most theoretically sound traits with the
practicalities of data availability and collectionfésther challenge was defining traits in
objective and replicable ways and, as far as possible, developing quantitative measures for

them.

Speciesweresas i gned scor es 00 foroé hdiugnhkdn,o wonhdedwrnar o weearc h
broad range of informatiosources (discussed beloWhile in some cases, thresholds of
extinction risk were cl ear,infmestcgsesthemomoac ur s on
priori basis for setting a particular extinction risk threshold. For such traits (e.g., plojecte
temperature change exposure), we arbitrarily selected a threshold of the worst affected 25%

of species; those ranked in this group were

assigned soéores ofunahowe where data were | a

Data on, for example, population sizes, temperatolerance thresholds and ingpecies
interactions, were particularly sparse, nece
corresponding species. In some cagkere enpirical data were@inavailable expets were

able to provide information either from unpublished data, their own field knowledge or,

where justified, through inference from si mi
confidence in the data were recorded in most cases, and dat@tbatgarded as

particularly uncertain were treated as oOunkn

To qualify as highlywulnerableoverall, species must have high scoresafbthree of
vulnerabilitydimensions of sensitivity, exposwaiad low adptive capacityA species scored

high under sensitivity if any of the sevebablogical traits in sensitivity trait groups scored

high; similarlylow adaptive capacitgnd high exposure were triggereaify singlerait in

these groups was lesi as hig (seeFig. S13for a schematic summary of thaglc usedo

assi gn s®e. Uncertaidy at the level of unknown trait data is accounted for by
calculating scores assuming all unknowns represent high scores (pessimistic scenario) and as
60 n ot sdoregydpiimistic scenario) aptesenting overallulnerabilityresults as the range

of possible values between these extremes.
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Using the framework for birds, amphibians and corals

Taxonomy and baseline databases

The list of bird species followed Bikife International (2008), as used by the 2008 IUCN
Red List. For amphibians, we followed the taxonomy in Amphibian Species of the World

(http://research.amnh.org/vz/herpetology/amphji#a08). Coral species lists were based on

the warmwater reefbuilding corals assessed for the Global Marine Conservation Assessment
[20] (obtained from the IUCN Red List), but we excluded 46 species due to unresolved
taxonomic problems, and incorporated taxonomic updates to 20thdughnot intended to

be a definitive taxonomic source, the IUCN Red List strives to be taxonomically coherent and
consistent at all ranks. Hightavel classification follows accepted cldgsitions, but

deviates in some respects; hgt information is available at

http://www.iucnredlist.org/technicalocuments/informatiosourcesand-quality. The lUCN

Red List pttp://www.iucnredlist.ord/ , BirdLife I nternational 6s W

AmphibiaWeb(http://amphibiaweb.oryfrovided essential information suchdastribution

maps, habitats and threats, and additional information was gathered from published and
unpublished data, online resources, literature and expert knowl&fthgee justifiable, we
addressed datgaps witte x p e r tescés andrags@mptionsptigh manyemain.

0OOAPAOET C 1 APO T £# OPAAEAOSE AEOOOEAOOEITT
Bioclimatic modelling traditionally relies on the availability of detailed information on points

of occurrence (and ideally absence) tico O0tr ai
6gei r e meanrelaged. Therintensive data requireraefthese methods limit their

application to few taxa and geographical regions, and prevent systematiesglaleal
assessmentiisteadve deri ve an esti mat i oechamgebyspeci eso
calculatingsimplenet ri ¢cs of <climatic chaggs. aSpess eséd
for birds, amphibians andarmwater reefbuilding corals have beemappedoy experts as

part of IUCN Red Lisassessments and are availabletig://www.iucnredlist.org/technical

documents/spatiadatg range polygons were available for 81% of birds, 98% of amphibians

and 99.9% of corals at the time this component of ouyaesiwas carried ouRange

polygonswere compiledrom a combination of known localities aegtrapolation ofareas

within them that have been assessed by expestsitable They represertiestestimateof

each speci esd cur ricalmativelranga(abysntroductiomsiare codels hi st

accordingly and were excludesgbin this analysis)but we note that some species will almost
11
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certainly occur morer lesswidely than mappedJnderstudied regions includee Andes,
most of Central Africaparts of West Africa, Angola, parts of SouthdaBoutheast Asia, and
Melanesig21]. As a result, the biodiversignd potential climate changelnerabilityin
these regionwill be under represented in this study. We also note atthough some of our
analyses assume homogeneity of species watistnibutionrangesthis is unlikely to be the
case for most species

BecausdUCN Red Listrange mapare oftengeneralised polygons, thégquentlyrepresent

s p e cExtenss of Ocarrence ¢alculated by drawing a polygon around all known places

that a species occurs) atiais mayinclude areas not actually occupied by the specie$cand

which climate projections differFor example, a range polygon may have been drawn around
alow and amphi biands occupied range onneither
a coral 6s r aafgneoceam Toeefinelspedeanges fr our assessments, we
excludedunsuitablewithin-range habitats and, for terrestrial specitsjagions in which the

species is knownotto occur.

To facilitate processing of the large volume of range matalved we rasterised range maps

at a resolution of 10 minutes (~20x20 km); this is believed to be the scale at which the

poorest resolutiomaps are reliable for each of the three taxonomic groups assessed. A
species was r egar de dgricacsllif éang pae of henunderlyingrange 1 0 mi
polygon was occupied. For corals, areas of unsuitable habitat were defined as those where

any 10 minutegridceflai | ed to i ntersected with a cor al

dataset of coral reef locationsyw.reefbase.org

For birds and amphibians, this process was more complex. Haifiitations (based o126

IUCN Red List (2009) habitatategoriesvhich includenatural and humatransformed

habitats in terrestrial, felawater and marine ecosystemsjewbtained from the IUCN Red

List database and Bi r dlarebasedon pibdishdtedatulandd Dat a
expert s 0) hunas thelsbalitay typesre not spatially explicit, we crossferenced

them to the Global Lan@over 200thabitat types (23 categories, including natural and
humantransformed habitats and watediesatlx1 km resolution

http://ies.jrc.ec.europa.eu/globahd-cover2000, as guided by available literati22,23]

We aimed to remove onlyabitats for whictwe had high confidence of their unsuitability, so
we included alexpertlisted IJUCN habitat typegi.e. those describeddss ui t abl e o
0 ma r gor of ankndwn suitabilityandremoved non&herehabtat preferences are not
known We crosgeferenced each IUCNBabitat type withany potentially similar Global

LandCover 2000 habitat types (e.gny IUCN forest type triggered all Global LaGdver

12
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2000 forestypes). The 1x1 km Global Landb@er 2000 vas rasterised inttwenty-three 10

minute grids, eaclepresenting one of the Global Land Cover 268@@s. For each grid,

cellsdvalues represented the percentage of the underlyingriiector covered by the land

cover type in question. The probabilaf/the presence of suitable habitat in each cell of a
species6 range was calcul ated as thiee sum of
habitat types; again following@nservative approach, we excluded only cells with zero
probability of suitabldnabitat.

To exclude areas with unsuitable elevations
| UCN Red List infor mat i o rpreferencescpongparingglese i ndi v i
with the U.S. Geological Sur medglo6s GTOPO30 gl
(http://eros.usgs.gov/#/Find_Data/Products_and_Data_Available/gtopo30 infSpeci es 6

elevation ranges were buffered to a minimofi00 metres and for tlose with unknown

ranges, all elevations were included. The ExiLlGTOPO30 elevation dataset was rasterised

to two 10 minute grids, one containing the maximum elevation and one the minimum value in
the underlying vector data. To determine elevation sduitaiml the cell, we calculated the

extent to which each speciesd6 elevation rang

elevdion for the cell; followingth&«e onser vati ve approach, we excl
only cells with no overlap betweenthesgesié6 and cel |l 6s el evation r
Birds

Thetraitsbi ol ogi cal i nfor mati on awvulderabilityare sh ol ds u:¢

summarised in Tabl8l.
Sensitivity

The degr ehabitabdnd rbidrohathisatéspecialisation was estimasaththree taits.

The first, termedhabitat specialisation,is based on the number of habitats listed in the
IUCN Red List (2009) as of major importanckef{ined as wherthe habitais suitable and
furthermoreis important for the survival of the species, eitherduse it has an absolute
requirement for the habitat at some point in its life cycle fagbreeding or as a critical food
source, or it is the primary habitat or one of two primary habitats within which the species
usually occurs or witlm which mostmdividuals occur)suitable (the species occurs in the
habitat regularly or frequentlydr asmarginal (the species occurs in the habitat only
irregularly or infrequently, or only a small proportion of individuals are faartle habitat).

Birds for which only a single habitat was recorded were assessed ahafamsitivity.

13
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Secondly, species were considedeghendent on specialised microhabitats they have a

particular requirement fayne or more of the following microhabitats: bamboo, vines, tree

falls, dead woodreehollows[24i 27], rockyoutcrops in forests, caves, streams and

bromeliads. Lastya s mor e detail ed data were availabl e
specifically, theywere assessed athigh sensitivityif they areunable to tolerate forest

disturbance. Intolerance was cagjorised as high for forest specialistgracteristic of the

interior of undisturbed forest, but thagay persist in secondary forest and forest patches if

their particular ecological requirements are.méhere such specie® occur away from the

interior, they are usually less common andrarely seen in nofforest tabitats, andbreeding

is almost invariably withinforess peci es with O6Medi umd intol er a
thatmay occur in undisturbed forest larealso regularly found in foréstrips, edges and

gaps andtendto be commoner in such situations and in secondary forest than in the interior

of intact forestandbreeding is typically within foresE p e c i e sswbwiitnht odlLer anc e
often recorded in forest, batenot dependertn it, andarealmost always more common in

nonforest habitats where masidividualsbreed.Intolerance was coded as unknown for

species thataxur or probably occur in forebtt for which their degree afependency on it

is unknown.

Because empiricad vi d e nc e 0 fenvibohnedtal tolgrancesisesEase, we usthe

range of historical temperatures and precipitation levels tolerated by the species across its
historicalrange as a proxpased on th&/orldclimg | o b a | 185®2080sm@rithiy s

meandor terrestrialareas (excluding Antarctica) 80 minute resolutiof28]

(http://www.worldclim.org, we calculated the average absolute deviamnssll cells in

each speciesd r ef 11878 @inean 49%@P@0) mohtdyrmeanss c h of t he

producing two measures, one for precipitation and one foraeanpe, that represent

tolerance of variability both seasonally and spatialljie average absolute deviation (AAD)
is asummary statistiof dispersionand, for a data set {x1, x2, ..., xn}, AAD is defif&9]

as:

—Z|:1:1 m(X)|.

1—1

Il n our calculations, each x represents a mon
Species were ranked according to their AAD scoresthe@5% with the narrowest values

for temperature and/or precipitation weegardedas of highest sensiity.
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In a minority of cases (3.9% of birdsg, for marine and Antarctic birds and some small

island specigsless than 80% of p e ¢ i e sswerecovaradgy the Worldclim dataséts a

result, we also calculated allspee s 6 r anki ngs Had&€M3gldbalon model | e
projections (supplied by the U.K. Meteorology Office) I&75 (mean 1961990),

downscaled to@ minutes using a cubic spliner species with <80% of their ranges covered

above, exposure scores were based on these rapknththresholdr AAD temperature

and precipitation were 1.2€ and 44.02 mm respectively

Species with high dependence on very few (typically <5) species of ants, termites, insects,

bees or wasps were assessed as havings/blghrabilityto potentiallydeclining postive

interactions with other speciesRare species were defined as those astimated total
populationsizes( f r om Bi r dLi f e 6 s of Wéwar thath 1(B0DOrindlividdiast ax b a s e )
those where the total population size numbers less than 20,08énaitility to threatening

processes is heightenedue to skewed sex ratiosm@ | es t o femal e rati o of
polygynous or polyandrous breeding systems, cooperative breeding systems, or declining or
extremely fluctuating populations (fluctuations >fbld). Cooperative breeding systems

include lekking, as well as thofeatregularly or seasonally congregate at particular sites,

and then disperse over a wide area. It also includegesgbat breed colonially (e.g.,

Southern Royal Albatross), egregate during migration (e.guropean Honepuzzard) or

during the norbreedng season (e.gSnow Goose). At least 1% of the global population

must be found at one or more sites to quakfyd hace this excludes species that congregate

to breed, feed or move in numbers that are small relative to the plgtalhation(e.g, Little

Swift).

Exposure

Since no global projections of sea level rise are available, we used habitat types as a proxy for
high exposure to sea level rise impacts. Mangroves, intertidal salt marshes, coastal

freshwatey brackish or salinlakesandlagoons, mane lakes, coastal caves, intertidal
shorelinegincluding rocks, beaches, flats and tide ppasa cliffs rocky offshore islands,

and coastal sand dunes were regarded as at high risk from sea le\8platses were

consideredo have high exposuiéthey occur exclusively in one or more of these habitats

(with the habitat ranked as suitable or of major importance for the spexigsthese and

only one other habitat.

To estimate which speciegll be most exposed to future changes in temperaiee,
calculated, firstlythe absolute difference betweerean projectedistoricaltemperature

acr oss eac hin®p5qi061030@verage nfgnean annual temperature) and th
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mean projected temperatumeross the same range for 2q3041-2060 aerage of mean
annual temperature$econdly, to incorporaggrojectedchanges in temperature variability,
we calculated the absolute differenegrojectedAAD (i.e. a measure of variability across
all cells and months; see above section on determimvigopemental tolerances to assess
sensitivity for birddor detailg betweenl975(based on mean monthly temperatures from
19611990)and2050(mean monthly temperatures for 262060) For precipitation, wdirst
calculated the ratio of absolute chamgerojected precipitation meabgtweenl975 (1961
1990 average of mean annual precipitatam) 205020412060 average of mean annual
temperatureprecipitationmeangabsolute[((precip in 2050} (precip in 1975)/(precip in
1975)), and secondly, the ratof projectedabsolutechange betweebh975(based on mean
monthly precipitation from 1961990)and 2050 based on mean monthly temperatures from
2041-2060)AAD (absolute[((AAD in 2050)-(AAD in 1975)/(AAD in 1975)). Species
were then ranked under eamfithese four exposure measures and those within the 25%
greatest projected change by 2050 for any were scored as of high exposure.

Because we are not attemptingpts 0 j e ct s p e c buérathier tdexaminer e r anges
projected climatic anomalies withiniskng ranges, we used General Circulation Model

(GCM) projections for both historical and future climates; this avoids the incorrect attribution

of methodcaused differences between the two global datasets to climatic forcing. To model
climate change expore, we used the mean of outputs from four General Circulation Models,
namelyUKMO HadCM3, MPIM ECHAM5, CSIRO MK3.5 and GFDL CM2.for 1975

(mean 19641990) and 2050 (mean 202060) These model outputs are available for

terrestrial areas excluding farctica and some small islands, and are downscaled to 10

minute resolution according to methods describethimor (2010]30] (available for

download fromhttp://ccr.aos.wisc.edu/model/ipcclOmirffor main results, we based

exposure on the moderate SRES A1B greenhousergasionscenarid31]. Undersection
Calculating numbers ofulnerablespecies under different emissions scenarios and time
frame®below, we compare these results (based on A1B for-20%8) with those for A2

(high) and B1 (low) emissions scenarios, and for 120%0.

Thecoarse scale of original General Circulation Model (GCM) projections results in a poor
match withthefine-scale coastal boundariesed to map speciesdditionally, the dataset
above does not include marine areas or Antarctica. We found that 10.4%spinaimely

those restricted to small oceanic islands, with narrow coastal distributions, in Antarctica or
with largely marine ranges, had less than 80% of their ranges covered by the above GCM

model ensemble As a result, we akirgobasedonHadCM8t ed al |
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projectionsfor scenario A1Rsupplied by the U.K. Meteorology Office) for 1975 (mean
19611990) and 2050 (mean 202655), downscaled to 10 minutes using a cubic spline
which coverall land and marine areaSxposure scores for tispecies with <80% overlap
with the GCM ensemble projections were basethese rankings. Temperature and

precipitation thresholds for all of the above exposure measures are shown i8Il'able
Low adaptive capacity

We estimated birdpecies ttrinsic dispersal ability usingpublished or unpublished data on
known mean and maximum dispersal (usually from studies involving ringing or marking
nestlings and then recording the distance to where they first bEstaates were placed in
logarithmic bands, anelxtrapolated from close relatives where no direct estimates were
available According to Malcolmet al.[32], required migration rates @l km peryearwere
relatively common in all model§species were to remain within their bioclimatic envelopes,
so we selected a threshold of 1 km per year, below which species were considered to have
low adaptive capacity. To include species whose ¢érahange driven migration might be
extrinsically limited by dispersalbarriers, we assigned low adaptive capacity scores to
species with distribution ranges entirely within approxima2€@0 m of a mountaitop or
described as havn g A m-6 o p O iautian,onsmall island with maximum altitudes

<500 m, and those with ranges withid@® latitude from the polar edge of a land mass and
within which 020% of cur rdisappearwrdgrdduld@®@d, on t ype

levels.

Species with poor evolvability were identified in three wadiygrmation ons p e cgenetg 0

diversity is rare, but 69 speci@gere reported in published studieseither have gone

through a genetic bottleneck and/or have low genetic dive&liby turnover of generations

was assessed bas e dengtdmestsnatehcdoreisgdo theléCN Kad hidt | o n
Guidelineq33]. We have no empirical referenpeint for a threshold of lowdaptive

capacityfor this trait, so following ouestablishedanethodology, we selected the ~25% of

species Wwh thelongest generation lengths, resulting itmgeshold of 6 years. Similarly, the

37.96% of species with thewest reproductiveoutput ( mean annu al clutch s

provided the closest threshold to 25% for data categavigitable.

Amphibians

The traits, bi ol ogi cal i nf or ma twloeerabilityarel t hr es

summarised in Tablg2.
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Sensitivity

A mp h i b ab#atandncrbhabitat specialisation was assessed based on two traits. As for

birds, habitat specialisationwas assessed according to the number of IUCN Red List

habitats listed for the species; species occurring in only one habitat were considegéd of hi
sensitivity, while those with-3 3 habi t at types were consider ec
S p e cmiceohabitat dependengeswere considered to confer high sensitivity if species are

larval developers and dependent on freshwater microhabitats (batesl IJCN Red List

(2008)). Forests are anticipated to buffer the climate change impacts on freshwater

microhabitats, so species occurring in forests were excluded.

Narrow temperature and precipitation toleranceswere measured in the same way as those
for birds. Only one species had <80% of its range covered by the Worldclim dataset, so the

HadCM3 1975 modelled climate was not used for amphibians.

Although amphibians are likely to be affected by a range of climate change driven

disruptions in environmental triggers, insufficient data are available to systematically

assess the group. Based on literature, expert knowledge and phylogenetic inference, we were,
however, able to identifgpecies dependent on the particularly vulnerable cue of rainfall or
increaed water availability for their mass (oft
species buffered by occurring in forests, and typically includesamstivatinggrassland

representatives of the fragneraHyperolius Litoria andLeptodactylus

Amph i b iirderspebiesinteractions with the pathogenic chytrid fungiatrachochytrium
dendrobatidishave been associated with population declines and extinction around the world
[34i 38]. One of the leading explanatory hypotheses proposes thattybmlogical stress
caused by changing climates has a synergistic negative effect in combination with
chytridiomycosis (36,39,40] but see[41,42), while climatic changes appear to facilitate

t he f un gionsnto nevaedg]. We considered species to be subject to high
sensitivity to increasing negative interactions with chytrid where (i) a chytridiomycosis
implicated deche or threat has already been recorded or is suspected (i.e. according to the
IUCN Red List (2008), experts have listed threahbiive or alien pathogens ing past,

present and/or future); (ii) they are considered texperiencingenigmatic decling34]; or

(ii)) where future infection is probable and could potentially cause decline. The extent to
which chytrid infectionrcauses negative impacts on species appears to have a phylogenetic
basis[44], so nakingthe assumption that chytrid will be globally ubiquitous by 2050, we

considered species to hawgh probability of future infection under (iii) where they are in a
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genus with a recorded ndoenign infection, are freshwater dependent and occur in
subtropical or tropical forests, shrublands or grasslands.

Exposure

Amphibian exposure to sea level ressed temperature and precipitation changes was

estimated in the same way as for birds. The coarse scale of the original GCM data resulted in
poor coverage of the ranges of some small island and coastal species. 2.6% of amphibians
had <80% of their range®wered by the GCM ensemble projections for terrestrial areas

(those on small oceanic islands and/or with narrow coastal ranges) and these, like birds, were
assessed using rankings based on HadCM3 global projections. Temperature and precipitation
thresholddor all of theabove exposure measures are shown in Téhle

Low adaptive capacity

We considered species to hdee intrinsic dispersalcapacity if they are not known to

have become established outside their natarajes, are rot associated with flowmg water,

andh av e s ma |4,000rkmd Sjneesthere 8 no empirical threshold for what

constitutes a small range size, we identified the 25% of species with smallest ranges, in
combination with the other characteristics of low intrinsic disperssaty described above.

Extrinsic dispersal barriers were identified for species that ocaxclusively on

mountaintops, small islandst polar edges of land masses an@fgolar edges of suitable

natural habitat Species were considered to hboxe reproductive capacity and hence poor

evolvability wheretheyareave | ow annual reproductive out

known) or they are viviparous).

Corals

The traits, biological i nf or malrterakdityarea nd t hr es

summarised in Tablg3.
Sensitivity

We assessed dwmicreghdibiadspdctialibation asing taortraits. We defined coral
habitatsas:barrier and patch reefatolls; fringing reefs; incipient, submerged and-non
accreting reefs; and naeefal rocky shores. The first three types each katseypesouter
upperreef slopeouter lower reef slopenter reef channgbpur and grooveouter reef crest
outer reef flatinner reef flatreef lagoon back reef slopeandback reef crestThese describe

a total of 32 habitats, the definitions of which accompany degzbdata. The detailed nature
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of these habitats meant that almost all species occur in multiple habitat types; since an

empirical threshold fohigh specificity to these habitatss not available, we assessed the

~25% of species with the fewest habits (a8 of high sensitivity. We consider depth range
(maximum known depth minus minimum known depth) to be a componemntafhabitat
specialisationand, lacking an empiricalip ased t hreshol d, we sel ect e
with greatest depth specificfyd ept h ranges O14m) to provide ¢

characteristic.

We used coral sé r epr odawatemperaturestdlerance Begayyseas a p
coral larvae must undergo dispersal via the water column, and broadcast spawners in
particular require fertilisation and larval development near the sea surface, these corals are
likely to be more at risk from climate change associated changes in sea surface temperatures
and irradiance than those that are able reproduce by budding or fraipme & therefore

scored species known to reproduce by means of only broadcast spawning and/or brooding as
of high sensitivity to climate change. Secondly, we us&deace (published or

observational) of past high temperature mortality of > 30% of loa@alilation on a reef or

reef tract (typically inferred from smaller sample sizsh proxy for the magnitude adult

cor al col oni es 6 ¢ lastlp becaude the impattoof ikcreasingcsea

surface temperatures, irradiance and storms areikmo attenuate depth, we considered

species occurringxclusively abov0 m depth to have higdensitivityrelative tothose with

ranges where sudmpacts are buffered by depth

While some corals species have azooxanthellate colonies that are nutetepm
dinoflagellate algae, that vast majority (>99%) of fieeflding corals form obligate
symbioses with Zooxanthellae alga@®]. Therelationshipbetween corals and their
Zooxanthellae is a rapidly expanding field of reseaariu although massive advanbase
been made in recent yeatse highly complexphysiological relatioship between the host
cord and its endosymbiontadxantlellae, and the extreme challenges in Zooxanthallae
taxonomy and identification, including inconsistency between researaters, large
unknowns in our understanding of coral bleaching. Because certain clades of the
Zoothanthellae genu&ymbiodiniumincluding clade D, C1 and C15, are known to have
relatively higher temperature toleras¢é6,47]and be lessulnerableto bleaching, we used
the most recent published and grey literature to record associations betweerraach co
species and types 8fymbiodiniumincluding clades A (2 types), B (20 types), C (59 types),
D (6 types), F, and G (i.e. a total of 89 individ8gimbiodiniuntypes).
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While relatively heatolerant Zooxanthellae types can confer an advantagyntbont

corals under high temperatures, their lower phottetic efficiencyunder typical,

favourable temperature conditions confers a disadvaxiagéo resultingower energy
reserve$48,49]and slower growtfi50]. Somecoral colonies are known to experience
changes in the relative and absolute abundance of differemt#thellae clades and/or types
(that werealready present within that coral colony) over timg@phenomenoaoften referred

to asZooxanthella@d s h u f Typidally gné clade may be dominant and the others may be
presentt low to very low abundand®&1]. Their presencat low abundancean facilitate
shuffling[52], generallyafter a bleaching episodé/e regardcshuffling potentials likely to
provide the flexibility neded for coral colonies to both survive high temperature events, and
to retain a sufficiently rapid growtpotentialunder favourable temperatutescompensate

for ongoing erosionWe considered coral species to be capable of shuffling if a single
colonysample has been found to harbour more than one Zooxanthellae clade or type
simultaneously, a phenomenon reported for 55 species to date.

In conclusion, we regarded coral spe@ssf high sensitivityto disruption of

Zooxanthellae synbioses where thes@nteractions are obligatory and where species are

either not known to have temperature tolerant Zooxanthellae types D, C1 or C15, or where
these clades are present but colonies are no
efficient types under fawurable temperatures. Ongoing research is likely to add to the

numbers of temperature tolerant types, the species known to harbour them, and reports of
Zooxanthellae shuffling. We believe the logic applied to identifying corals highly sensitive to
disrupton of Zooxanthellae is justifiable and, based on the information available at the time

of this assessment, this trait identifies 92.7% of corals as of high sensitivity to climate

change.

We definedrare speciesas those occurring igeographically restried areas (for example

the Hawaiian Islands, Chagos Archipelago, Japan or parts of Arabia), as well as those that are
typically sparsely distributed across their geographic ranges. The vast majority of sub
populations of virtually all reelbuilding coral spcies have not been adequately censused by
researchersandno overarching, detailed, quantitative data on actual abundances of meta
populationsare available to assegkbal rarity. In the absence sifich data, Verofd5] and

our own published and unpublishedatsetson local abundance estimates from multiple sites

at mae than 30 different locationscluding the Red Sea and other areas of Arabia,

Madagascar, India, Thailand, E and W Australia, Vietnam, China, Indonesia, Philippines,
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Micronesia, Papua Newuthea, Solomon Islands and Fij45,53 58] provided the basis for

our qualitative assessments.
Exposure

To estimate which coraisill be most exposed to climate change impacts, we calculated,

firstly, their probability of experiencing bleachirand secondly, the proportion of their

ranges exposed to levels of ocean acidification beyond which no corals are currently known

to exist.Mass bleaching events are commonly predicted based on the accumulation of sea
surface temperatures in excess ofaal@limatological maximum. For example, mass

bleaching is expected to be severe and lead to some coral mortality when the accumulation of
6degree heating n3Gmohty®]. BedubeM)oralsecanceeosed fsom

mass bleaching events if intervals between bleaching events are of sufficient durations, we
use each speciesod6 mean fr e’g)aaassityrangdasaever e

metric ofmortality-causing bleaching exposure.

Global spatial projections of maximuamnual DHMfor 20462055 were calculated by

Donneret al.[59] usingoutputfrom simulations othe Geophysical Fluid Dynamics

Laboratory GFDL) CM2.0 and CM2.1 climate mod€]l60], based on the SRES A1B
scenarioThese models were chosen as they prothdeekey advantages for cdneef

research over other GCRAsFirsty, theocean component of CM2.0 andCM2.1 operates on a
higher resolution grid than most otHBxCC Fourth Assessment Rep(kR4) GCMs. The
similarity between the model sé6 resol-ution
derived data eliminates theawkfor statistical downscaling of model output to the resolution

of the satellite data. It also reduces the conflict between coastal geography in the GCM and
the satellite map. The higher modesolution is particularly critical for research on tropical
coastal ecosystems because a large proportion of more closed ocean basins like the Coral
Triangle in Southeast Asia and the Caribbean are represented as land in lower resolution
GCMs. Secondly, since the goal of this analysis was to estimate the respoiosiversity

to climate change, models with climate sensitivities in the middle of the range of models used
in the AR4 were regarded as most suitable. The differbeteeerthe climate sensitivities

of CM2.0 and CM2.1 is caused by assumptions in thamya core of the atmospheric
component of the otherwise similar models, but taken tog#thesutput of the two models
represents a median estimate fromAlRel. Lastly, acurately representing the frequency of
thermal stress events on coral reefs reguitienate projections from models that adequately
describe the EI Nino / Southern Oscillation. GFDL's CM2.0 and CM2.1 have among the best
representations of the ENSO cycle of the models employtx IRCC AR4°We down
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scaled the results to a 10 minutelgusing a cubic spline and calculated the projected mean
bleaching frequency in 2050 for each grid cell based onuh#er of years from 2048055

in each model simulation mwhich mean annual DHM exceedeC2

Coral s6 proj ect edicaionwassalculaed based ongmwjactionsaot i d i f
ocean aragonite saturatip#il], low levels of which are known to reduce their growth rates,

disrupt metabolic processes and, at particularly low rates, lead to dissplitjowhile the
aragonite satur at i olf6l]lantd 22AJe2khave beengpmmsegiasni t e) o f
thresholds below which almost no reefs currently occur, for this study we used an optimistic
thresholdof 3, levels el ow whi ch are described @tal iextre
[63].

To represent the SRES A1B scenario for 2050, we sigatiially explicit projections of

aragonite saturatiolevels, corresponding mtmospheric C@concentrationsf 550ppm,

created by Cao and Calde|@&il]. Wedownscaled these from 2.5 x 3.75 degrees to 10

minutes using a cubic spline. For both bleaching frequency and aragonite saturation

projections, the downscaling of data from coarse scales to 10 minutes resulted in a poor
coastline definition and neaverlapping of surfaces with sareefs, particularlin small or
narrow marine areas such as the Red Sea and
was not covered by the surfaces (9.0% of species for bleaching frequency and 8.6% for
aragonite saturation), the species was assessadtnown for the repective trait. Thresholds

for the above exposure measuresstu@wvn in Tables3.
Low adaptive capacity

We used larval competency, specifically the maximum time known for successful larval

settl ement , asintansigpdismersal capaoities Ssopreec iceosréal speci e
can survive up to several months in the water column, potentially being transported enormous
distances if no appropriate habitat for settlement is available and environmental conditions in

the plankton are suitable. We categedisnaximum settlement time into five categories (<7

days, 714 days, 140 days, >30 days, and unknown); lacking an empirical basis for a

threshold, we selected a enff of <14 days to settlement which identified the worst 14.0%,

the closest possibletbte 6wor st 25%6 used el sewhere in tt
competency times to settl ement are unknown,
reproductive modes were used to infer dispersal distances, and for species that are both

broaders and spawners, and for which specific larval competency data were unavailable, the

typical competency period of the brooding mode were used. For species whose reproductive

23



mode(s) are also unknown, the major mode of either their congeners or cotgamaifia
assumed where appropriate.

While ocean currents can provide an excellent vector of dispersal, together with ocean
temperature, they can alsolweriers to dispersal (e.g.,[64,65). For example, the

combination of currents and cold waters of the southern and northern Pacific and Atlantic

Oceans and southern Indian Ocean preclude naturabicéan dispersdbr virtually all

reefbuilding corals (with the possible exceptionMédracis pharensisWe identified

barriers typically for species with restricted distributions at the end afitedtional currents

(e.g., Kurishio, Leeuwin and East Australian emts), or which appear isolated by areas of
unsuitable oceanographic conditions (e.g., the cool upwelling in the Arabian Seas). Patterns

of speciesd distribution and endemism in the
consistent with a barrier to ghersal of some species eastward across the Indian Ocean and

thence into the Pacific, likely related to current flows, including the Indonesian Through

Flow which transports water from the Pacific into the Indian OcBais.trait is particularly

difficult to quantify, given théigh geographic and temporal variability in ocean current flow
patterns and because diff er e ngopulatomexderiepce pul at
different oceanographic featurasd hence have differing dispersal potdstia various

locations. We identified potential dispersal barriers based on known existing oceanographic
characteristics, and while climate change is likely to affect-sgasonal and intemnual

variability in onset and velocity of currents, as wallimocean temperatures, we have not

attempted to incorporate this in our assessments.

Coral sb6 evolvability was e sgenenatonaleguwnoverfasr st vy,
estimated by typical colony longevity. Age of colonies can be difficudetermine

accurately, although there are relatively consistent relations begresth rate, colony size

and age in some species, and coring of some large massive corals has provided independent
minimum age estimates. For others, fragmentation, ingisgase and other factors can

confound such relations. Furthermore, fragmentation and budding produce clones that can
ensure that the same genotypes persist on reefs for millennia. Such genotypic ages are not
considered hergndwefocus n t he agedofl 6i ocdl oni es. Becaus:s
widespread and researchers have examined only a very small fraction of the populations in

detail, it is notpossible to assign a maximum age definitivelgatnies ofany species. As a

result, we used broad egfries oftolonylongevity, namely <10 years, BD years, 5400

years, >100 years, and unknown, and selected species with colonies typically living more

than 50 years (1.6% of species) as those Mithadaptive capacitgccording to this trait.
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Coralswith slow growth ratestend to have lower reproductive capacity on average, because
colony size and reproductive output are related. Conversely, faster growing species attain
larger size and, in some species at least, reach reproductive maturity sootieeithelower
growing counterparts, and hence contribute more rapidly to the genggpbdlield studies

over the past century have establisbedhlc o | oni e s 6 fgrspeces represeating s
most of the main growth form categories. These vary witlr@mwent and phenotype, se

have assigned species tmdd growth rate categoriés10mm yi*, 11-30 mm yi*, 31-

100mm yi', >100mm yr', unknown) making inferences based on growth form and
phylogeny wherapecific growthrate data are lacking. Once agawithout an empirically

based threshold for this trait, we identify the ~25% of species in the slowest growth

categories.

Plotting areas of greatest concentrations of vulnerable species

Here we use bivariate plots to highlight the relationship betwelkererabilitydimensions

based on biological traits (i.e. sensitivity dad adaptive capacijyand exposure, since this
largely a function of how much climatic change is projected in the geographical area in which
a species occurs (Fig. 2). Bivariatetslwere produced by dividing per cell frequencies of (i)
species that are bosiensitiveandof low adaptive capacitgind (ii) exposed species into 10
classes based on Jenks natbrabks. These classes were used as coordinates on a 10 x 10
grid, with the biological tratderived dimensions on theaxis and exposure on theaxis.

Each grid cell waassigned a colour which graduated from muted colours for low frequencies
to highly saturated colours representing extreme values (blue for sensitiviopmaadaptive
capacity(i), yellow for climatic exposure (ii) and purple for areas with high numbers of both
groups; see legend for Fig. 2). Each grid cell of the global map was assigned a colour value
according to the projected frequency of species in thesgs, thereby illustrating spatial
covariation between the two variables of intef63{. Areas of greatest concentrations of

species in groups (i) and (ii), as well as of their overlap, and are described inS&ables
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Analyses

Comparisons between OPAAEA OGS Al Winekad Aty ané thcir JACN Red

List threat status es

We used the IUCN Red Lig2008 as a basis for establishingch@pece s 6 | evel of
extinction risk The IUCN Red List Categories and Criteria are the most widely tsctep
system for cl assi fyl|6dit] Theld@NiRedksLdtinadudesseverc t i on  r
categorie®f threat namely Extinc(EX), Extinct in the Wild (EW), Critically Endangered

(CR), Endangered (EN), VulneralidU), Near Threatened (NT), Least Concern (L&)

well as the category Data Deficient (DI3) specieds regarded as threatened if it falls into
categories CR, ENr VU. It may qualify under these categories by meetimgsholdin any

one of five criteria (AE). The criteria are designed to be objective, quantitative, repeatable,
and to deal withuncertainty{ 33]. Assessments are based on an evaluatianfaimation on

all known individuals of a species (i.e. at a global scale), integrating the information from all
populations, subpopulations and subspecies. As a result, the extinction risk category reflects
the overall status of the species, which maygekample, be of Least Concern despite some
populations/subspecies being at fi2k]. In particular caseseparate assessments of
subspecies and/or populations are carried out, but these are not included in the analyses

preseted in this paper.

Although climate change is frequently listed as a threat during red listing, no species of birds,
amphibians or corals were listed as threatened solely or principally due to climate change. As

a result, we included all species in our gamson between threatened andherable

species. For each of birds, amphibians and corals, we used@ueine test to compare the

numbers of species that were threatenedvahtkerable threatened and netlnerable

vulnerableand not threatened, aneither threatened neulnerable(see Tablé&10). To

show areas containing greatinesbidacdndehtr eat icom
andvulnerablé speci es, we used bivar iathgMethodsot s ( as
s ect i onarda®df greatest corgentrationsyahherables peci es6), whi ch ar
Fig. 3 and FigS6 and described in Tabl&d1-12.

Calculating numbers of vulnerable species under different emissions scenarios and time

frames

To investigate the roles thaffidiring concentrations of atmospheric greenhouse gas

emi ssions could have on speciesd vulnerabil:i

species presented in previous analyses in th
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scenario for 2050; terrestrigpecies ranges) with those calculated for A1B for 2090, B1 (low
emissions) for 2050 and 2090, and A2 (high emissions) for 2050 and 2090. These three
standardscenariosepresent a range of the possible future scenarios explored by the IPCC
[71,72]

We applied the threshold valueentified for each exposure variahising the baseline

scenario (A1B for 2050; threshold values shown in Table3) to the saméour variables

under the alternative scenarios and timeframes discussed above, and recalculated exposure
andvulnerabilityscores accordingly. Fexample, undethe baseline scenario, amphibians

were regarded as highly exposed to changes in mean temperatures whieseltie

changes imean temperatures between 1975 and 2050 aré °C.9Ve used the same

threshold of 2.96C to classify species as exposedemttie A1B 2090 scenario, and since
projected temperature changes are generally greater, more species qualified as exposed under
this trait. Recalculating overall exposure and then vulnerability based on these results yielded

larger numbers of vulnerablpecies overall.

As expected, the high (A2) and low (B1) scenarios for 2090 yielded higher and lower
numbers of vulnerable species than the midrange (A1B) for 2090, except for corals under a
pessimistic scenario, where A2 and A1B produced the same numheénerable species.

We note that A2 produced fewer vulnerable species than A1B at 2050, reflecting
correspondingly higher mean global temperatures and precipitation for A1B relative to A2 for
2050, as projected by the four GCMs selected for this sftttynumbers of vulnerable

species under easleenario in 2050 and 2090 are shown in Fig. 4 and maps of their greatest
concentration are shown in Fi§g-9. Given assessment methods, the absolute values of
estimates areninformative, but changes from 20&02090, the differences between

scenarios and the differing geographical distributionsutferablespecies are valuable.

Assessing the influence of each trait on overall vulnerability

To explore the relative contribution of each trait to ovenaliherability, we calculated the
number of species artde size of geographic priority area uniquely identified by each
biological trait, for each taxonomic group. We present these results in Bil31d% and

rank traits according to their relative contribusdo both numbers oulnerablespecies and
size ofgeographic areas containiaginerablespecies. We find, firstly, that traits

contributing most to numbers wliinerablespecies are, in many cases, not the same as those

contributing most to the geograplprioritiesidentified. Secondly, we find that highest
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ranking traits are generally not consistent across taxonomic groagdsiait accounts for

uniquely identifying an average of 7.8 +7.4% of vulnerable bird species, 12.6 +9.7% of
vulnerable amphibiaspecies and 13.4 £16.6% of vulnerable coral species, while in terms of
uniquely identified vulnerable geographic areas (i.e., those containing one or more vulnerable
species), these figures are 16.7 £6.0% for birds, 14.8 +21.0% for amphibians an®%5 +5.

for corals.

OLimited intrinsic di shatdatlssvdahinthe tagpfieecankingfor i s t h
uniquelyidentifying vulnerablespecies for all three taxonomic groupkhoughbirds and
amphibiansadditionally sharéslow turnover of geeration a s rargking traitglimited

dispersal capacifandd | ow r e p r o didewtity they geeatestinurpbers\dgilnerable

birds, while for amphibians i g h e st r a nslow targover of genetaso6sa a B d 0

6l imited dispersal capacityo

There is no overlap between birds and amphibians inigiest ranking traits for the

identification of unique geographic areas. For biédarrow temperature toleranéeanks

highly,asdad | ow repr odudtgiewg rapthp «tpdbe rddfamd i er s t o
amphibiansb changes i n memaartewmper at¢ angdesblacdw on r ang

t ur n @laydhe greatest roles in uniquely identifying regions of high vulnerability

For corals, sensitivity traits show a particularly high level of reduney, partly due to the

high percentage of species qualifying duédieclining positive interactions with

Zooxanthellad Exposure measures, however, show very little redundancy and approximately
two thirds of species are uniquely identified by eitfiggh bleaching frequenépr tigh
acidificatiord This result reflects the largely complementary geographic areas affected by the
two factors in the time frame considered (ibg. 2050), and highlights the particularly

challenging nature of the threatgals face.

These aalyses provide useful information to inform prioritisation of ongoing trait data
collection for birds, amphibians and corals. For example, 11% of birds qualified as vulnerable
due to relatively small population sizes, but no specigs weiquely identified by this trait,
suggesting that it is not a priority for further data collection. We note, however, that because
(like several other traits) it contains a number of unknown values, and even a few species or
regions identified coulddof particular significance, we do not suggest dropping any traits
altogether at this stage.
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Assessing the influence of trait thresholds and other sources of uncertainty on

overall vulnerability

We distinguished four types of traits, each of which regldistinct threshold selection
approaches. Firstly, where speciesd6 toleranc
accepted in the peeeviewed scientific literature (e.g., ocean temperature conditions at

which coral bleaching occurs), we refeted and used these. The second trait threshold type

applies to data that are binary and where independent, widely accepted categorisations are
available (e.g., occurrence only on islands; occurrence in only one habitat type). We regard

these thresholds abjective and do not consider them to be a significant source of

uncertainty in vulnerability assessments.

The third trait threshold type, used when no binary or established thresholds were known and
where trait data were continuous or categorical, irelselecting the worst affected 25% of
species (e.g., temperature and precipitation change tolerances), or the species in categories
with a break closest to 25% (e.g., generation length for birds; depth ranges for corals). The
fourth threshold type was wséor traits where sufficient information and/or experience were
available for experts to believe that they could defensibly set thresholds for heightened
vulnerability (e.g. exposure to sea level rise based on habitat affiliations; inherent rate of
dispesal required for birds based on projections in the literd@i8p. Because these

threshotls could introduce subjectivity into assessments, we explored sensitivity of
vulnerability scores to shifting them to higher and lower values. In T&h@48 we identify

the traits for which thesR,bdper ¢ expéita ga@a ntdhroes
t hr eshol ddgqB),greentext)kverel used and examined their influence on overall

vulnerability scores (see Tablg$9-21).

We found that shifting percentage thresholds by 10% (i.e., to a more lenient 35% and a
stricter 15%) changes the nbers of vulnerable species by only +11%18% for birds and
+9% to0-9% for amphibians, suggesting that these groups are relatively robust to the
percentage thresholds selected. For corals, however, changes of +28%oaujgest that
threshold choiceslay a larger role. Shifting expert threshold had an even lower impact on
numbers of vulnerable species, shifting them by +1%%ofor birds, +7% te9% for

amphibians and +3% an@% for corals.

The geographic regions highlighted as having high coratemts of vulnerable species for
birds, amphibians and corals respectively under different percentage threshold scenarios are
shown in Figure$10-13. For birds, the location of priority regions differ little under the
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different threshold scenarios, wite exception of disappearance of-&dharan Africa and
particularly the Congo basin as a priority when strict percentage thresholds were applied
(FigureS10). Similarly, priorities for amphibians are largely consistent across all scenarios,
though the cetral Amazon basin is excluded under a strict percentage threshold, Madagascar
is excluded under a strict expert scenario and seastern North America and west tropical
Africa begin to appear as priorities under a lenient percentage threshold Ggureor

corals, the scenario results are particularly consistent, though the Caribbean declines slightly

in prominence as a priority under a lenient percentage scenario (Bif)re

Comparisons of potential sources of uncertainty (Te®l®s21) show thator birds and

amphibians, missing/unknown data plays by far the greatest role, with the choice of

percentage thresholds and the time frames for the assessment as second most important
source for both groups. For corals, percentage thresholds play almagkewith the time

frame selected for the assessment and greenhouse gas emission scenarios the second and third
most important sources of uncertainty respectively. For all three groups, uncertainty

introduced by expert thresholds plays only a relatigetall role.

In conclusion, the broad range of sensitivity analyses conducted shows that missing data,
choice of traits and their thresholds and expert judgement all introduce a degree of
uncertainty into vulnerability assessments. We find, howevertlteaeographic priorities
identified by our approach are notably robust to this uncertainty, strengthening confidence in
the main results of this paper. By presenting results as ranges of possible numbers of
vulnerable species under different scenariogleasising repeatedly that scores are relative
measures, and conducting sensitivity analyses on all main possible sources of uncertainty, we
believe that we have dealt responsibly with the uncertainty inherent in assessments of future
impacts of climate dnge on complex biological systems, and that the results presented

provide the best assessments possible given available data and knowledge.
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Supporting Discussion

Opportunities for validation of the framework

Vulnerability assessments, including the @reepresent, should be empirically evaluated to
determine whether they produce robust ecological or conservation assesstienisipacts

of climate changeéAt this stage, however, this remains challengindgpodly ofad hoc
observations of climate changepacts on species is emerging (as summaris¢d3n75])

but theuse of these studies for testing global assessments such as aagdnalsseous

l i mitations. They cover only a small fractio
limited range of possible climate change impacts (typically distribution r€nifie and
phenological changes), ignoring a broad range of other possible impacts that our approach
considers. Such studies have strong geographic and ecosystem biases (typically towards
Northern Hemisphere temperate regions); species in other regbes@systems may not
respond in the same way. They tend to demonstrate population changes rather than the
speciesscale responses we project, and are based estandardised surveying methods.
Lastly, existing observation studies represent anaodom sibset of climate change

responses and due to publication bias, are likely to urgeesent species of lower
vulnerabilityto climate change (e.g. those of high latent risk, and many poteetgsters

and potential adapteraq identified in Fig. ).

Another possibility for validatiorparticularlyof trait selectionis to examinespci es 6 past
responses to climatic changes,ewvidenced in the paleorecowle plan to explore this

avenue of research, but are aware that it suffers from many omiteibns describedbove

for ad hocobservational studie€rossreferencing results of our assessment with others

based on, for example, species distribution mgdéls/ 7] dynamic global vegetation

models[32] and novel and disappearing climal@8,79]provides a further avenue for
investigationput sincesuchmodels are simply alternative predictions with their own

limitations and assumptions, alstienunvalidated, results will need to be interpreted with

caution. We note thautputs fronother approachesould be incorporated into our

assessment framework. For example, global vegetation models could be used to assess a
speciesb6 exposure to habitat changes, and pr

assessments die likelihoodofss peci esd® successful di spersal
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Finally, we propose that the maftective and reliable means of gathering observational data
for validating this and other approaches is through standardised monitoringesctinat
adequatelygample environmental gradienf. Several such schemes are being established
(e.g.,[80i 82]) and webelieve that, with fuher expansiorthis approacltan deliver the
information needed teffectivelyvalidate climate change vulnerability assessmewis
emphasize the need for immediate and ongoing support and expansion of standardised

monitoring schemes globally.

Caveatsand uncertainty

Since the results of this assessment are, at this stage, largely unvalidated, we note some important
caveats to our methods. These are necessary to consider when interpreting the results, but also form

priority areas for new research.

1. Weaknowl edge that expertsoé judd&8pbatnt s can
emphasis¢heir value, particularly where timely decisions are needed in the face of
novel, future or uncertain situatiof®4], for example for IPCC assessment reports and
the IUCN Red List.

2. Theselected traithreshotl wechose (25%) is arbitrary arnslunikely to represent any
real i mi t t o ltsnplydghlighisdhe tomdcaging apeaes &s a basis
for analysis Sensitivity of results to this threshold is exploredire ¢ tAissessingdhe
influenceof trait thresholds on overallulnerabilitydabove but deally the threshold
would be updated or validated through observations and or experiments of the way in
which climate change and traits interact (§.85,86). When interpreting the absolute
values of thgercentagefor each group, it is important to recognise that tisas@ly
represent the degree of overlap between sensitivityadaptive capacitgnd exposure
within the taxomic group(e.g., highest overlap in birds (5% of species highly
vulnerabl@ vs. lower overlap for corals (3%% highlyvulnerabl@). It is particularly
important to emphasise thamparisons between the percentages of Wugerability
species camot be interpreted to represent any real differencealirerability between

taxonomic groups.

3. Our frameworko6s scoring system is based ol
pathways to extinction; traits were selected and scores calibrated suchtha 6 hi g h 6
score on any single e.g. sensitivity trait would result in the species being ranked as

6sensitived overall. As anthropogenic cli
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specificity and frequencies of extinction pathways (no doubt includimg swt yet
identified) will become apparent, but at this point, we believe it is premature to rank
one trait as more important than another or exclude any that have been identified as
possibilities. We acknowledge that this simple, equalyghted combin@on of traits

and trait groups fails to account for their potentially differing importance in conferring
climate chang&ulnerability, but we are unable to quantify or justify relative trait

weightings.

In practice, the biological traits are likely tdenact with each other and with
environmental change in ndimear ways, and there will be thresholds and abrupt state
changes aa result. These effects are likely to be very specific and cedépdandent

and the only way to develop an understandinglvalthrough detailed field studies

over many years with a great deal of relevant climate and environmental information.
This is simply going to be impossible for many species, but the availability of a few
such studie$l1,85,87]and the deployment of more mechanistic models (&8,89)
should start to suppomoresophigicatedapproaches than the very broad brush

approach we use here.

Our approach does not specify the relationship betwelkererabilityscores and the

risk of extinction. Although our analysis showsdnerabilityto be correlated with
extinction risk (agletermined by the IUCN Red Li&t Criteria) within a taxonomic

group, it is not possible to equatginerabilitywith a specific level of threat, and the
relationship betweewulnerabilityand extinction risk may be different for different
groupsResultsmay be interpreted, for example, to predict which bird species and geographic
regions will be at relatively higher risk of climate driven extinction than others, but not to
guanti fy this r i sulnerabititpwith thabof amnphibipres aaalsi©urr d s 6
exposure modelling suggests thatals, in particular, are likely to face a much higher risk of
extinction than the other taxonomic groups, though this is not reflected in the results of this

study.

. We recognize that climate will have positieects on many species. In fact many
species are already benefitting from climate change especially in temperaf&hreas
and to date most range shifts recorded have resulted in range expansions more than
range contractiof®0]. However, our framework does not attempt to incorporaté this

we are interested in identifying species at risk from climate change.
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Supporting Figures
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Figure S1: The relationship between climate change vulnerability dimensions for families

containing ten or more speciegbased on an optimistic scenario for unknown trait values).

Graphs show the percent ageslysenmsitiveasoffowf ami | yos

adaptive capacitfA-C), sensitive vs. exposedE), andof low adaptive capacitys.
exposed (D) for birds, amphibians and corals respectively.
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A. Sensitivity (total species)

High : 551

Lot : 1

Figure S2: Geographic concentrations of bird species that are highly ssitive (A-B), exposed
(C-D), have low adaptive capacity () and are highly climate change vulnerable overall (&),
based on an optimistic scenario for unknown trait values. Ra@is E and Qepresent total
numbers of species, whi D, F and Hshowthe proportions of total species in the groups
i.e., relative to total species richness.
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A. Sen5|t|V|ty (total species) B. Sensitivity (%)

High : 124 High : 100

Lo ;1 Loty - [0

Figure S3: Geographic concentrations of amphibian species that are highly sensitive-Bj,
exposed (CD), have low adaptive capacity (E) and are highly climate diange vulnerable

overall (G-H), based on an optimistic scenario for unknown trait values. Ra@sE and G
represent total numbers of species, wBil®, F and Hshow the proportions of total species
in the groups i.e., relative to total species ridsne
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Figure S4: Geographic concentrations of coral species that are highly sensitive-Bj,

exposed (GD), have low adaptive capacity (EF) and are highly climate change

vulnerable overall (G-H), based on an optimistic scenario for unknown trait values. Parts A,
C, E and G represent total numbers of species, while B, D, F and H show the proportions of
total species in the groups i.e., relativediak species richness.
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Figure S5: Geographic concentrations of species that are highly vulnerable under a pessimistic
scenario {.e., when unknown trait scores are assumed to be high climate changekility scores)

but not under an optimistic scenario(i.e., when unknown trait scores are assumed to be low climate
change vulnerability scoregir birds, amphibians and corals(A, C, and E respectively). B, D, and

F show the numbers of the abovedpsrelative to the number of species already known to be
climate change vulnerabtbere(e.g., a score of six shows that there could be up to six times more
highly climate change vulnerable species if unknown trait values represent high vs. low values)
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