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Abstract.

Forecasts of species endangerment under climatgehssually ignore the
processes by which species ranges shift. By amgjybe ‘climate paths’ that range
shifts might follow, and two key range-shift proses - dispersal and population
persistence - we show that short-term climatic goyllation characteristics have
dramatic effects on range-shift forecasts. By ewyiplpthis approach with 15
amphibian species in the western USA, we make wewgd predictions. First, inter-
decadal variability in climate change can prevange shifts by causing gaps in
climate paths, even in the absence of geographielbs® Second, the hitherto
unappreciated trait of persistence during unfavialeralimatic conditions is critical
to species range shifts. Third, climatic fluctua@and low persistence could lead to
endangerment even if the future potential range isitarge. These considerations
may render habitat corridors ineffectual for sompecges, and conservationists may

need to consider managed relocation and augmemtattia situ populations.

Introduction:

Climate change has contributed to pronounced clsaingbe geographic distribution
of species over the past several decades (Wadtlaer2002; Roott al. 2003;
Parmesan 2006). Over the remainder of this centlijate change is expected to
cause many more species’ ranges to shift, collaps&pand - leading to a major
reorganization of ecological communities and biedsity loss (Walther 2010). The

predominant approach for forecasting species’ rargponses to climate change
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uses climate at the locations a species currentymes to evaluate the temperature
and precipitation conditions that permit a positiet population growth rate, i.e.,
bioclimatic niche modelling (Soberon 2007). Thegelimate models are then used
to predict the geographic locations that the sgeoieild potentially occupy at some
point in the future, and risk assessments are b@sedsumptions about the species’
ability to shift its range to these locations. Egample, it may be assumed that a
species cannot disperse beyond its current rangkeonatively that it can disperse
to any place that will be climatically suitable fo(e.g. Thuilleret al. 2005). These
assumptions can be used to estimate the extrengeginction likelihoods, but

provide no insight into the actual range dynaniies tvill play-out during range

shifts.

Here we map the ‘climate paths’ along which specasyes may shift, i.e. the paths
formed by the location of places with suitable @tra conditions during a sequence
of time steps. We use measures of dispersal analggam persistence to predict
range dynamics along these paths. Most previougsesaof this kind have assumed
an evenly graduated change in climate, which wéadditate gradual and steady
range shifts (Brookest al. 2007; Andersot al. 2009). In reality, climate change is
likely to be highly dynamic, with short-term fluettions both above and below a
directional trend (Easterling al. 2000; Wang & Schimel 2003). This may cause
species to colonise new areas during episodic vpanonds, and to pause or
temporarily retreat during cool periods (Waltleeal. 2002; Jacksost al. 2009). In

such an environmental regime, range expansionsdamihided if populations could
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survive short periods when climate is unfavourdbtehem. This would prevent
ranges from contracting during cool episodes. Thdmen conditions improve,
populations that survived at a range margin woutdlpce dispersing individuals
that could further extend the species’ range (Jacésal. 2009). Range expansion
rates would also increase with the distance thdividuals could disperse in a given
time step (Andersoat al. 2009). Range-shift predictions have only recebédgun to
consider dispersal (Williamet al. 2005; Andersomt al. 2009; Engler & Guisan
2009), and to our knowledge persistence and climatebility have yet to be
considered explicitly. We investigate the impor&o€ these processes using 15
amphibian species endemic to the western USAhfotime period between 1990

and 2100.

Limited empirical data on population processesrofestrict the scope of range-
dynamic forecasts to a few, well studied speciesd@ksoret al. 2009; Engler &
Guisan 2009). We circumvent this limitation by ‘eximenting’ with different
values for species’ traits. This yields principtegarding the relative importance of
persistence and dispersal, given the different wayghich climate paths might

advance, that are widely applicable outside thidyssystem.

Material and M ethods:

Species distribution data - We conducted analysearfiphibian species whose

entire range lies west of the TbMeridian — amphibian ranges rarely cross this

4
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meridian, which divides the Rocky mountains andaGRains from the east of the
USA. Of these species we used only those whosesdad) entirely within USA
borders and for which sufficient bioclimate modsdlidata were available (15
species). Species point occurrences from 1961-96 ta&en from Global
Biodiversity Information Facility (http://www.gbibrg). Occurrences that could not
be confidently geo-referenced were discarded. Ve tlse most current
phylogeographic studies to assign location rectwrdise correct species (S1).

Species range polygons were taken from the IUCN IRgdvebsite (IUCN 2008).

Climate variables - Bioclimate models were buillhgsmeans from 1961-90 of the
following variables: mean annual temperature, meearperature of the coldest
month, mean temperature of the hottest month, maeanal precipitation, mean
monthly winter precipitation (January to March) andan monthly summer
precipitation (June to August). These variablekctfritical periods in the life
history of west coast amphibians. Winter precimtatand temperature govern
snowfall, snowmelt and hydroperiod, which in tuffeet success of aquatic
reproduction and terrestrial breeding behavioua(@Bteinet al. 2001; Corn 2003;
McMenaminet al. 2008). Summer precipitation and temperature aket to larval
and adult mortality (Corn 2005). Range shifts wangected using predictions from
the Hadley CM3 (HCM) and PCM3 (PCM) General Cirtiola Models (GCMs)
throughout the period 1991-2100, using A2 and Bissions scenarios. Climate

predictions that were bias-corrected and spatédlynscaled (to 1/8°, approximately
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140 knf, resolution) as described by Maurer et al (200&)enaken from http://gdo-

dcp.uclinl.org/downscaled_cmip3_projections/.

Bioclimate modelling - For our focal species, waleated the utility of four
bioclimate modelling techniques: Generalized addithodel (GAM), Mahalanobis
distances, Bioclim and Maxent (S1). Of these apgres, GAMs minimized false
presences and absences creating the most relialolel$rfor most species (S1) and
we thus base our results on a GAM approach. We g@etles occurrence points to
construct GAMs using thin plate regression splexed Generalised Cross Validation
(GCV). We multiplied the degrees of freedom in @@V score by 1.4 to create
smoother models, in light of the small number ad@es occurrences (Table 1).
Since no absence data were available, we randanipled pseudo-absences (twice
as many as the number of presences for each spi&omsthe 1500 cells (~210000
km?, a region with radius ~ 150km) surrounding théscelspecies occurred in. See
S1 for further details on the choice of sampleargCells classed as pseudo-
absences could in fact be climatically suitablasToombined with the small

number of records, reduced our confidence in aivichoal model’s ability to
accurately discriminate between suitable and uablgtclimatic conditions.
Therefore, we repeated the pseudo-absence sampptingss to build 100 bioclimate
models for each species. If one of the 100 GAM rdigms could not converge on a
single model it was discarded and a new set ofgsa@absences were sampled. The
consistency (correlation) between these modelsatsfithe degree to which each

species’ climate niche is genuinely distinct frdma surrounding environment. For
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1961-90 and decadal future climates, we calculdteanean suitability predicted for

each grid cell by all 100 models, to produce a cositp suitability map.

We classified cells as suitable or unsuitable atiogrto a species-specific threshold
that minimised the difference between sensitivitg apecificity within the sample
region. This approach weights omission and comunissirors equally and is
amongst the most accurate of thresholding techsi@liménez-Valverde & Lobo
2007). In a few cases we manually altered thresh@d). Model performance was
assessed using deviance explained, AUC and falsBveoand false negative rates.
The number of false positives was calculated inwags. First we summed the
number of grid cells west of the TDeneridian that were predicted to be suitable but
which were not occupied. The false positive rate valculated using the number of
point occurrences for each species as the denamirsher than the number of
absences, so as to demonstrate the degree of @dictpn relative to current range
size. This false positive rate might be high evaraccurate models, because under-
recording can mistakenly lead to the appearantaisd# positives and because
suitable climate space may exist too far from aigserange to be occupied. Thus,
secondly we calculated the number of grid cell$ Wexe predicted to be suitable but
which fell outside the expert-defined range polyg@CN 2008) and were

‘seeded’ using the criteria listed below. Falseitpasrates were calculated for these
data using the number of grid cells in the spe@age polygon as the denominator.
Statistical analyses were conducted in R 2.9.2 ¢Relbpment Core Team 2009)

incorporating the ROCR and mgcv packages.
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Climate-path modelling - To construct climate patlespredicted the 1/8° grid cells
predicted to be suitable for each species durieh dacade between the years 1991
and 2100 (‘climate space’). Decadal climate valuese taken from the emissions
scenario, averaged across the decade. We therasgthispecies progress along
these climate paths each decade by implementieg gdverning dispersal and
persistence, as described in Table 2. Simulatiere begun (‘seeded’) using all
grid cells predicted suitable in 1961-90, excludynigl cells that were geographically
disjunct from the species observed range (pointiwences and polygon) by more
than six grid cells, or that were less geographjiadisjunct but were occupied by a
congener known to competitively exclude the fogaces. Thus, although areas
distant from a species’ current range might beipted to be suitable, they would

not influence the starting point of climate patimgiations.

Predicting IUCN status — For comparability, currantl projected future [UCN
statuses were calculated using the ‘Extent of Geocge’ (EOO) criteria alone
(Critically Endangered: < 100KimEndangered: < 5000 Kmulnerable
<20000kn). Current EOO was calculated as the sum of the @ifréhe cells that
were climatically suitable between 1961-90. Stagussdculated from current EOO
differed from IUCN statuses only if the IUCN staflso considered population
decline and habitat quality. Future EOOs were dated as the mean area of the

cells that were predicted to be occupied in theades 2071-2099.
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Results

Our analysis of climate paths revealed three kesgotations relevant to range

dynamics under climate change.

1. Gaps in the climate path.
Given likely dispersal and persistence parametieigtuations around the directional
trend of climate change can create gaps in clipaties. These gaps can prevent
species from reaching climatically suitable regjasen in the absence of physical
barriers to dispersal. Physical features, such@asiain ranges or desert regions can
form barriers to range shifts because they corataas that will not become
climatically suitable for a given species over tinge-scale of interest (Engler &
Guisan 2009). However, gaps arise if some cripeoation of a climate path is only
available at a time step in which a species is lenabpass through it. For example,
Aneides flavipunctatus may be unable to shift into its full potentialdut range
because climate variability after 2050 causesahddcape connecting northern
California and southern Oregon to become climdsicalitable only transiently. This
leaves insufficient time for the species to passubh the area (Fig. 1). Assuming
different parameters made almost no differencéitodutcome (Fig. 2). Graphs of
the potential and occupied range size reveal ttamees in which climatic
fluctuations prevent progress along the climaté §82). All species we examined
showed at least some evidence that they will bélerta fully occupy the entire

climate space projected to be available to ther@1)0 because of a combination of
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permanent climatic barriers and temporary gaplerctimate path (Fig. 2, S2&4).
Indeed, most species (11 of 15) are projected comcless than half of their
available climate space by 2100 under at least sirtiee examined climate change

and population parameter values (Fig. 4, S2 & 4).

2. Effects of dispersal and persistence on speciege&hift capacity
The ability to persist during short periods of wdarable climate can be as
important as dispersal ability in determining whegtbpecies can shift their range
along a climate path and avoid range collapseekample, the range-shift distance
and range size dfaricha torosa in 2100 is more strongly increased by persistence
during a single decade of unfavourable climate thanby our high dispersal
parameter (in which colonisation could occur ac@8an/decade) (Fig. 3). This is

the case for many other species (Fig. 2, S2-4).

The relative importance of dispersal and persigel®pends on the dynamics of the
climate path. For example, the climate patiBath achoseps nigriventris advances
fairly steadily (S3). High dispersal allovis nigriventris to shift northwards every
decade, regardless of its persistence ability @agc). However, if the climate path
advances jerkily, often retreating, the relativ@artance of dispersal and persistence
is flipped. For example, dispersal ability affeResa draytonii’s progress along the
climate path very little, but the ability to petsis place through one decade of
unfavourable climate makes the difference betwaage collapse and range shift

(Fig. 4d-f, S3). Both dispersal and persistence affect outcomes for species whose

10
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ranges do not shift along a climate path but rermapiace or collapsd-or example,
the climate space ®atrachoseps luciae does not shift, but shrinks by 21@.
luciae continues to occupy a wider proportion of its piegd range throughout the
21% century given high dispersal and short-term ptsie than without short-term

persistence (Fig. 4g-i).

3. Future endangerment is not necessarily commensaititespecies’ future
potential range size

Although none of the species examined are curretalysed as Endangered or
Critically Endangered, some species are likelygodme endangered because their
suitable climate space is projected to decreasg 2iri However, we predict that
many species will become endangered even thougtatieeprojected to have large
areas of suitable climate space in 2100 (Fig. Bgs€ species decline because they
are unable to shift into their future potentialgardue to gaps in the climate path
caused by climatic fluctuation. These declines oataspective of the climate
forecasts used, although there is variation irptlegise number and identity of
species in each risk category (S4). Species’ edaildimate space is smaller on
average under HCM (the General Circulation Modat thdicates the greatest
temperature increase) than PCM. For example, oagesploses all climate space
under PCM (A2 and B1), whilst three or four spedose all climate space under
HCM (A2 and B1 respectively, Fig. 2, S4). Howevander low dispersal and no
persistence three species become Ciritically Endadgender PCM A2 and B1,

despite there being sufficient available climatacgpfor them to remain Endangered

11
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or Least Concern. Under HCM A2 and B1 zero andgpecies respectively become
Critically Endangered. Evidence that it is climdtiectuation which limits range
shifts in PCM climate forecasts comes from theaféd persistence. Allowing
species to persist during periods of unfavouralieate had a significantly greater
effect on the proportion of climate space that bee® occupied under PCM than
under HCM (given low dispersal: paired t test, ©40. and p=0.015 for one or two
decades persistence respectively), whereas the effencreasing dispersal was not

significantly different between HCM and PCM.

Discussion

Climate path analyses find that range shifts, egigaus and contractions can be
greatly affected by climatic variability, causingrpistence to have a strong effect on
whether species shift their ranges, and having peeed and important implications
for conservation plans. Climate paths evaluatedbées along which species ranges
might move by dividing range shifts into time stepke time steps used (decades in
our analyses) reflect both the length of time avkich the focal species could
disperse and establish new populations, and thediety of the natural climatic
oscillations within the study regio@limate forecasts cannot capture the spatial and
temporal pattern of climate change with sufficiaoturacy to predict the exact
timing or location of range shifts. Instead, thegmse of the approach we suggest is
to investigate how the spatio-temporal patternlioiate change places extrinsic

limitations on species’ ability to shift their raggy This gives us insight into how

12
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species’ intrinsic traits might interact with thatyern of climate change to drive
range dynamics. Below we discuss how the procegsesvestigate interact with

each other and with other range-shift limitations.

Intrinsic traits that determine species’ shiftsmdhe climate path:

Recent research has found that dispersal abilityafi@ct range-shift potential (e.qg.
Andersonret al. 2009; Engler & Guisan 2009), but to our knowletlgs is the first
time that the importance of persistence under sieont unfavourable climate
conditions has been quantified. The degree of gtersie that is required to prevent
an advancing range margin from retreating whenatinms poor depends on the
degree and periodicity of climate variability. laresystem, persistence for a single
decade often had a strong effect because climattuations were strongly decadal
(fig. 2, S4, Wang & Schimel 2003). Increasing pstesice for a further decade
tended to have a smaller effect, since periodta#wourable conditions rarely
existed in two contiguous decades. An importanepkon wasTaricha sierrae

under PCM A2, which did not survive at all givereatecade persistence, but which
remained ‘Vulnerable’ given two decades persisteagardless of dispersal ability
(S4). The other notable exception Wasorosa under HCM B1 whose future range
size given low dispersal was more than doublediaydecades persistence,
producing almost the same result as high disparghtwo decades persistence (Fig.

3).

13
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Persistence will be determined by species’ popaadiemography, physiology and
behaviour (e.g. occupying ameliorative microclinsatgoulsoret al. 2001; Green
2003; Reading 2007). For these amphibians we keetieat persistence outside of
their climatic tolerances for more than two decadasmlikely. Their longevity is not
well understood but most appear to be reprodugtiaetive for less than a decade,
and in addition to climate change their populatiaresthreatened by non-climatic
environmental stressors including habitat destongtagricultural pollution,
pathogens and invasive species (Hayes & Jennir®fs; K9eseckeret al. 2001;
Davidsonet al. 2002). The importance of the interaction betwdenatic

variability, dispersal and persistence has beeogrésed theoretically (Jacksenal.
2009) but rarely examined in practice. Given thpanance of persistence in driving
range dynamics within this study and the globatltéons of variability in the rate
of climate change (Easterlimgal. 2000; Wang & Schimel 2003), we recommend

that collecting data on these traits should bergent priority.

Despite our emphasis on persistence, dispersaimenmaportant for range-shifts.
Dispersal ability is most important when the climpath moves steadil3(
nigriventris, Fig. 4a-c), and can interact strongly with pgesise when the climate-
path steps are large and unevéndrosa, Fig. 3).For the species we considered,
our high dispersal parameter of 24km/decade isgirgloverly-optimistic. The
majority of the species we studied are highly pghalivic salamanders and newts,
which have been recorded at a maximum of a few taghohetres from their home

site (Smith & Green 2005). The other species aveaans, which can travel multiple
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kilometres, but are rarely expected to achieve 2dkdispersal in a single decade
(Smith & Green 2005). For both groups, these deglatistances are based on
seasonal breeding migrations and there is no ew@tns behaviour would facilitate
migrations to new breeding areas. If maximum disaladistances per decade are
less than 12 km/decade (our low dispersal paraieteich is not unlikely for some
species, then range collapse and extinction sHmildore common then we predict.
Low average rates of dispersal may be bolsteredigylong-distance dispersal
events (Engler & Guisan 2009). This would likelypirave many of our species’
range-shift abilities, given the gaps that appearedeir climate paths (Figs. 1 & 3).
However, even less information is available withiahito parameterise such
occurrences than for average dispersal. We recouhithan the triggers leading to
dispersal and breeding outside the natal rangeelss the length of these dispersal
events, become research priorities - as only yipis bf dispersal will drive range

shifts.

Unanticipated consequences of climate forecastiagrtique:

We used two General Circulation Models, both thauglaccurately represent
climatic patterns across most of the study regR@@N] and HCM3, Cayast al.

2008), in order to bracket the range of possiblemues. PCM is least sensitive to
greenhouse gas forcing and shows the least owtiralite change (Hayha al.

2004). Thus, species’ climate niches tend to mbeeter geographic distances under
PCM than under HCM (S3). However, the PCM moddlmtedicts considerable

fluctuations in precipitation in the study regidmfact, under some combinations of
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modelled conditions, PCM can even result in morddfigered and Critically
Endangered species than HCM as climatic fluctuatrmoake it harder for species to
shift or maintain their range (Fig. 2, S4). Therefid is not solely the directional
magnitude of predicted climate change that is intgydy an increase in climatic

variability could cause range collapse and inhiitge shifts.

An important note is that the climate change datdihere are the average of
multiple climate change simulations, and so areeseinat smoothed. Thus, in reality
climate change may be even more variable, andgpensie even more important

than our estimates suggest.

The two greenhouse gas emission scenarios we epessent conservative (B1) and
extreme (A2) estimates (Hayheieal. 2004). We have largely discussed examples
using the B1 scenario in order to demonstratedhafindings are not simply caused
by extreme climate predictions. Interestingly, ames under the A2 scenario are
not always worse than under B1. For exampleT&oicha torosa the higher degree
of warming predicted under A2 created more futlireate space than under B1
(S2). If T. torosa could reach this climate space then A2 might be tieleterious

than B1.

Interaction of climatic and non-climatic restrigi®on the climate path:

Both the presence of negative and absence of y@$itotic interactions limit

species current ranges and are likely to reducaree and continuity of the climate

16
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path (Araudjo & Luoto 2007; Wienst al. 2009). Consider, for example, what would
happen if the climate paths of two competitor specioincide. Even if these species
can co-exist at the landscape scale, at fine stiadgsresence of a competitor species
will likely impede the establishment and the evahgize and number of populations
of one or both species. Small, scarce populatioodyze few dispersing individuals
and are poorly able to persist during unfavourabfeates. Hence we expect that
competition at fine scales would amplify gaps ie@ps’ climate paths. Such a
situation is possible for at least one speciesimamalysisT. torosa’s climate path
takes it into the Sierra Nevada Mountains of easBalifornia (Fig. 2) where the

closely related specids sierrae is incumbent (Kuchta 2007).

The broad resolution of our analyses ensured tivapredictions were based on
general climatic trends, rather than local climatiedictions that are too specific to
be realistic. However, at fine scales, specieskevagon, hydrology and microclimate
requirements will likely limit the area and contityuwof the climate path. In

particular, anthropogenic landscape modificatiomlddorm significant range-shift
barriers. For exampld.. torosa may need to cross the northern portion of the
agriculturally intensive Central Valley (Fig. 3)hiE fragmented landscape will not
only pose dispersal barriers but will reduce pofpaitesize and thus persistence.
Thus by restricting both dispersal and persistenabitat fragmentation may be even

more deleterious to range shifts than previoustpgeised.

Bioclimate models:

17
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Calculating a species’ climatic niche by correlgtits locations with underlying
climate data is subject to serious criticisms. ©ritecism is that these models
assume that the species’ distribution is in equililn with its environment and is not
prevented from filling its entire niche, for exaragly dispersal limitations or biotic
interactiongSoberon 2007; Wiergt al. 2009). While we cannot rule out the
importance of this criticism in full, we have sealereasons to believe that this
criticism is of limited importance for the specigs modeled. First, the composite
GAMs we constructed seem well supported by tharimthat the climate niches
predicted were closely tied to distinct climate @sim California; for example the
‘Hot Mediterranean’ climate zone in western SiéMvada forT. sierrae and ‘Hot
Steppe’ grassland fdatrachoseps gregarious (climate classifications from Russell
1926). Second, the models generally explained lqugatities of deviance, had low
omission rates and the area they predicted to ikeb#ei coincided well with the
expert-defined range (Table 1, S1). HoweBscamptodon tenebrosus and Rana
boylii had high apparent omission rates. These rateduareo isolated populations
and competitive interactions that exclude specia® fpart of their climatically
suitable range; nevertheless, these species’ iiatdi models actually performed
rather well (for further explanation see S1). Thiteere was a good degree of
overlap between multiple GAMs (S1). This suggds#s species we studied
genuinely occupy specific climate niches that aneue within the surrounding
landscape. Finally, whilst performing more ‘accetgtthan the other approaches

tested, composite GAMs predicted similar amountgnge loss and climate path
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variability to these approaches (S1). Thus ouraierpath results are unlikely to be

artifacts of the modelling technique.

A second criticism is that bioclimate models asstima¢ species cannot live under
combinations of climatic variables that are diffgrfom those they currently
occupy, i.e. ‘no-analog climates’ (Williams & Jaoks2007). It has been suggested
that during the Pleistocene some North Americanhaloign species occupied
climatic conditions that were not analogous togpecies’ current range (Waltati

al. 2007). However, the refugia in which this occurveste in areas that were cooler
and wetter than species’ current climate nichesli@hiat al. 2007). Precipitation is
particularly important to amphibian distributiorsrégonet al. 2009), with effects

on seasonal breeding habitat and food sources @3%8, 2005). Precipitation
change is predicted to change the hydrology osthdy region substantially (Cayan
et al. 2008). Therefore, persistence of the study spéordeng periods in the future
under hotter, drier conditions than they currepttperience seems more unlikely

than in previous cooler, wetter conditions.

A third criticism is that species may adapt to aiag climatic conditions, allowing
them to survive in place (Wiemsal. 2009). This seems unlikely to be the case for
our study organisms as a considerable amount eérels has found little change in
amphibian climatic niches over long periods of e@tmchange (e.g. Kozak & Wiens

2006; Waltariet al. 2007; Vieitest al. 2009). Amphibian range shifts driven by
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Pleistocene climate change are common globallyatidn the study region (Green

et al. 1996, Carstenat al. 2004; Steele & Storfer 2006; Aratgbal. 2008).

Regardless of these arguments, the ability oflioniate models to predict into new
time periods can rarely be tested. Consequenthydoweot suggest that the species-
specific predictions made here will be accurate,fmstead that these models are
sufficiently robust to demonstrate the likely scap¢he species’ range-dynamic

responses to climate change.

Implications for Conservation Management:

We discuss three key management implications ofindings. First, constraints
imposed by climatic variability, limited dispersaid low persistence may mean that
even habitat corridors through high-quality habitety not in themselves make
range shifts possible. Additionally, corridors fmrecies that show high uncertainty
between climate paths under different GCMs arellksly to be effective. Where
corridors are appropriate, their effectiveness dajpend on how well the corridor
landscape facilitates population persistence int@aco dispersal. Species’ range
shifts along corridors could be expedited by asgjstr augmenting populations that
‘naturally’ establish themselves along the corridéiven current uncertainty in
climate modelling, predictions of climate paths mdecades into the future may be
an inadequate basis for corridor planning. Howeter predicted directionality of
range shifts in the short term (10-20 years) shbeldnmmediately incorporated into

land use planning.
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Second, for species facing unpredictable or discoatis climate paths (due to
physical barriers or climatic variability), the ¢ooversial strategy of ‘managed
relocation’ may be more effective than corridorsahieving conservation
objectives (Richardsoet al. 2009). The efficacy of corridors versus managed
relocation could be informed by climate-path anesythat consider measurements of
the intrinsic life-history traits that will determe species’ range-shift ability
(discussed above) and by regular population mangoif analyses suggest that an
insurmountable gap will arise in the climate p#tien the deterioration in viability
within the species’ current range and suitabilitg@nditions on the other side of the
gap should be monitored concurrently. The combamatif modelling and
observation should then be used to inform decisawait whether to engage in
managed relocation, as well as to determine thiagirand location at which this
approach would be most effective. Moreover, becalis®tic conditions in

recipient locations might fluctuate considerablyobe becoming suitable for a target
species, if managed relocation is enacted thecatdd populations might need

additional assistance to improve their likelihodgersistence.

Third, species’ range shifts and surviuakitu could be aided by assisting extant
populations to persist under future climatic vaitigb This could be achieved by
mitigating against the impacts of climate changg.(ea irrigation), by removing
non-climatic stressors (such as predators or catop®t by improving habitat

quality or connectivity (Grardt al. 2010), and through captive breeding programs or
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translocations of individuals to augment populasare or genetic composition

(Semlitsch 2000).

Conclusions:

Our climate-path analyses reveal a series of ohsens regarding climate-induced
range dynamics that have previously received ldttention. Variability in changing
climate is likely to limit range expansions andftshiand increase the likelihood of
range contractions. The degree to which this oosiltstrongly depend on species’
ability to persist under short periods of unfavduesclimate, as well as the more
commonly recognised trait - dispersal ability. Taktive importance of dispersal
and persistence depend on the speed and regwigtityvhich a climate path
advances. Considering both traits in tandem isyliteebe useful when developing
region- and taxon-specific risk assessments. Theuteome of decadal range
dynamics under climate change is increased endayegefor many species in our
study and probable extinction for others. Assunarggeady rate of climate change to
evaluate species’ ability to shift their ranges ragrestimate species’ ability to
shift their ranges. Although our results are based single taxonomic group from
one region, we believe that our findings are gdheapplicable. The erratic tempo
of climate change, which drives many of the compilex in range dynamics we
observed, is likely to be a notable feature of matimer parts of the world
(Easterlinget al. 2000; Fagret al. 2003). Further refinement and application of

climate-path analyses as suggested here would vamnar ability to forecast
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species’ responses to climate change and infornuseiof alternative conservation

strategies.
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False negative False

Number of grid cells rate positive rates Number of grid cells
observed occupied (composite (composite  predicted suitable in

ID Species between 1961-90. model) model) 1961-90 (EOO)

1 Ambystomacaliforniense 34 0.05 1.26/0.17328

2 Aneides flavipunctatus 83 0.14 0.74/0.11268

3 Batrachosepsgavilanensis 43 0.07 0.20/0.15148

4 Batrachoseps gregarius 45 0.02 0.30/0.2876*

5 Batrachosepsluciae 20 0.10 0.83/0.40105*

6 Batrachosepsnigriventris 75 0.13 0.70/0.26233

7 Dicamptodon ensatus 24 0.00 0.68/0.1575*

8 Dicamptodon tenebrosus 83 0.30 0.87/0.22441

9 Plethodon dunni 33 0.18 0.88/0.10233

10 Rana boylii 102 0.35 0.88/0.05534
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11 Ranadraytonii

12 Ranaserae

13 Rhyacotriton variegatus
14 Tarichaserrae

15 Tarichatorosa

29

27

27

a7

0.17

0.04

0.17

0.00

0.15

0.90/0.09235

0.65/0.0574*

0.83/0.08263

0.74/0.27104*

0.83/0.04230

1
2

Table 1.
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Parameters: Parameter description:

Low dispersal Species can colonise any or all efdight cells
surrounding it if cells are climatically suitable
(~12km / decade)

High dispersal Species can colonise any or alhef20 cells

surrounding it (~24 km / decade)

No persistence under Species disappear from a cell as soon as climate
unsuitable climates suitability drops below the species-specific
threshold
One/two decade/s Species persist in a cell for one/two decade/s afte
persistence under climate becomes unsuitable, and are able to
unsuitable climates colonise other cells during those decades
Table 2.
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Table L egends:

Table 1. Species identities and performance mdticthe individual and composite
GAM bioclimate models. There are two false positiates for each species: the first
was calculated using grid cells observed to be miecl) the second using expert-
defined ranges and excluding non-seeded falseiyeEsiisee methods). *Current

IUCN status (based solely on number of cells ptedisuitable) is ‘Vulnerable’.

Table 2. Parameters used to model species’ atnlighift their geographic ranges.

Figures:
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Figure 1. Range dynamics and the formation ofraatie path “gap” foAneides

\

flavipunctatus during four consecutive decades of climate chgpgedicted using
HCM, scenario B1). Orange squares (‘accessibled portion of suitable climate
space that could be occupied assuming high didpmndeone decade persistence
under unsuitable climates. Grey squares (‘availglgetential climate niche that
does not become occupied. The coastline and sith@alifornia (most southerly),

Washington (most northerly) and Oregon (intermediate outlined in black.
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Figure 2. Mean predicted extent of occurrence (E@€Wween 2071 and 2099 for
each species under HCM, scenario B1 (see Tablespézies identity and current
IUCN status). Each pair of bars represents EOO ruonge(left bar) and high (right
bar) dispersal for each species. White bar segmepissent no persistence under
unsuitable climate, grey segments represent oredequersistence, and black
segments represent two decades persistence. Hategetnts represent EOO if the
species could disperse to all suitable climatespashed horizontal lines represent
EOO threshold criteria for IUCN red list status®d)’: Vulnerable, ‘EN’:
Endangered. A species occupying a single gridiselassed as ‘Critically
Endangered’ and is signified by an asterisk. Tispgeeies (ID # 5, 7 and 12) are

predicted to have no suitable climate space un@v iB1.
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Figure 3. The interplay of dispersal aility andgistence in limiting the amount of
climate space occupied Bwricha torosa. a) Orange shading: 1961-90 climatically
suitable range. Greyscale shading: topography éwhhigh elevation, black = low
elevation). b-e) The portion of the 2091-2099 clienspace (predicted using HCM,
scenario B1) that could be occupied assuming:w)dispersal, no persistence; c)
high dispersal, no persistence; d) low dispersa, @ecade persistence; e) high
dispersal, one decade persistence. The coastles)(and California and Nevada

state borders are outlined in black.
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Figure 4. Range shift predictions for three speiig3alifornia ((a-c)Batrachoseps
nigriventris (predicted using HCM, scenario B1), (dj@na draytonii, (g-i)
Batrachoseps luciae, (range shifts oR. draytonii andB. luciae predicted using
PCM, scenario A2)) under different survival andogisal scenarios. (a,d,g)

Predicted potential and actual range sizes eadmdddcom 1990-2099. Filled circles
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= potential range size based on the amount oftdaitdimate space available.
Empty symbols = actual area occupied given: diaraenkigh dispersal, one decade
persistence; triangles — high dispersal, no persi; circles — low dispersal, one
decade persistence; squares - low dispersal, stsprce. (b,c,e,f,h,i) Outlined
space: 1961-90 suitable climate space; grey: daitdionate space in 2091-99 that
does not become occupied; orange: the portioneo2@91-2099 suitable climate
space that could be occupied given parameter canbins corresponding to the
symbol in the lower left of the panel. The coagtl{vest) and border between

California and Nevada (east) are outlined in black.
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