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Abstract
Ongoing climate change may undermine the effectiveness of protected area net­

works in preserving the set of biotic components and ecological processes they har­

bor, thereby jeopardizing their conservation capacity into the future. Metrics of 

climate change, particularly rates and spatial patterns of climatic alteration, can help 

assess potential threats. Here, we perform a continent-wide climate change vulnera­

bility assessment whereby we compare the baseline climate of the protected area 

network in North America (Canada, United States, Mexico— NAM) to the projected 

end-of-century climate (2071-2100). We estimated the projected pace at which cli­

matic conditions may redistribute across NAM (i.e., climate velocity), and identified 

future nearest climate analogs to quantify patterns of climate relocation within, 

among, and outside protected areas. Also, we interpret climatic relocation patterns 

in terms of associated land-cover types. Our analysis suggests that the conservation 

capacity of the NAM protection network is likely to  be severely compromised by a 

changing climate. The majority of protected areas (-80%) might be exposed to high 

rates of climate displacement that could promote important shifts in species abun­

dance or distribution. A small fraction of protected areas (<10%) could be critical for 

future conservation plans, as they will host climates that represent analogs of condi­

tions currently characterizing almost a fifth  of the protected areas across NAM. 

However, the majority of nearest climatic analogs fo r protected areas are in nonpro­

tected locations. Therefore, unprotected landscapes could pose additional threats, 

beyond climate forcing itself, as sensitive biota may have to migrate farther than 

what is prescribed by the climate velocity to  reach a protected area destination. To 

mitigate future threats to the conservation capacity of the NAM protected area net­

work, conservation plans will need to  capitalize on opportunities provided by the 

existing availability of natural land-cover types outside the current network of NAM 

protected areas.
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System atic conservation p lanning represents the  cornerstone o f a 

stra tegy to  p ro te c t the  fu ll range o f b iod ive rs ity  com ponents and 

ecological processes o f a region (Margules &  Pressey, 2000). Reserve 

ne tw o rk  design has a key ro le In such planning as the  p ro tec tion  o f 

representative sets o f b iod ive rs ity  c ritica lly  depends on It. In m ost 

cases, the  cu rren t d is tr ib u tion  o f biota has been central to  the  devel­

opm ent o f existing system atic conservation plans (Lawler e t al., 

2015). There fore , the  e x te n t to  w hich reserves fu lf ill th e ir ro le lar­

ge ly depends on the  persistence o f ecological cond itions th a t p ro ­

m ote pa tterns o f b iod ivers ity . Ongoing, unprecedented rates o f 

clim ate change (D Iffenbaugh &  Field, 2013) are a lte ring  the  spatial 

d is tr ib u tion  o f clim atica lly suitable areas fo r  organisms, habitats, and 

blomes. As a result, sh iftin g  c lim atic  cond itions ove r the  next cen tury  

may grea tly  underm ine the  effectiveness o f reserve systems In p ro ­

tec tin g  th e ir cu rren t suite o f organisms and associated ecosystem 

properties.

In practice, the  design o f reserve systems has been Im perfect, as 

the  p ro tec tion  o f lands Is o ften  carried o u t fo r  ad hoc reasons resu lt­

ing from  politica l o r econom ic realities (Margules &  Pressey, 2000). 

Even so, p ro tected area ne tw orks are the  best and m ost cos t-e ffe c ­

tive  line o f defense In the  global e ffo r t to  p ro tec t b iod ive rs ity  (Balm- 

fo rd  e t al., 2002; Bruner, Gulllson, Rice, &  da Fonseca, 2001; 

Rodrigues e t al., 2004). Ensuring the  con tinued relevance and e ffe c ­

tiveness o f p ro tected area ne tw orks  during a period o f rapid c lim ate 

change Is thus am ong the  m ost crucial challenges fo r  conservation 

planners (e.g.. Groves e t al., 2012; Hannah, 2010). O ver the  last cou­

ple o f decades, sp irited debate has occurred ove r p ro tected area 

design (and re-desIgn) and the  adapta tion o f conservation actions to  

global change (e.g., Dawson, Jackson, House, Prentice, &  Mace, 

2011; Glllson, Dawson, Jack, &  M cGeoch, 2013; Groves e t al., 2012; 

H eller &  Hobbs, 2014). Open questions remain regarding the  Ideal 

p roportion  o f p ro tected land and pro tected  area size th a t optim izes 

landscape conservation capacity, and ab ou t reserve co n nec tiv ity  and 

representativeness. Several o th e r facto rs have been Identified  as key 

elem ents In eva luating landscape vu lne rab ility  to  change. Including 

the  rate o f change and the  sens itiv ity  and adaptation capacity o f 

Individual organisms, all o f w hich w ill Influence ecosystem resilience 

(e.g.. Carpenter, W alker, Anderles, &  Abel, 2001; O live r e t al., 2015).

C limate Is a key d rive r o f ecosystem structure , pa ttern , and fun c­

tion ing, and governs species d is tribu tions (e.g., Chen, H ill, O hlem ul- 

ler, Roy, &  Thomas, 2011; O rdonez &  W illiam s, 2013; PInsky, W orm , 

Fogarty, Sarm lento, &  Levin, 2013; Thulller, Lavorel, Araujo, Sykes, &  

Prentice, 2005), d isturbance regimes (e.g.. Dale e t al., 2001; Kraw- 

chuk &  M oritz , 2011), and hydro log ic dynamics (e.g., Rodrlguez- 

Iturbe, 2000). There fore , m etrics o f clim ate change th a t describe Its 

tem poral and geographic pa tterns can be useful surrogates fo r 

assessing the  exposure and sens itiv ity  o f organisms and ecological 

processes (Carroll, Lawler, Roberts, &  Hamann, 2015; Garcia, Cabeza, 

Rahbek, &  Arau jo , 2014). The ve lo c ity  o f clim ate change (Hamann, 

Roberts, Barber, Carroll, &  N ielsen, 2015; Loarle e t al., 2009) Is a 

simple m etric th a t re flects the  pace (e.g.. In km /year) a t w hich a

given Isocline o f tem perature o r p rec ip ita tion, o r any se t o f clim atic 

conditions, m ay re locate across the  landscape. This concept has been 

largely applied to  biota to  Indicate the  rate a t which organisms m ust 

m igrate to  retain sim ilar c lim atic  conditions.

V e loc ity  com puta tions based on clim ate analogs (Hamann e t al., 

2015) a llow  the  assessment o f bo th  fo rw ard  and backward (or 

reverse) ve loc ities o f change. Forward ve lo c ity  relates to  outgoing  c li­

mates o f a region; It considers baseline clim ate and Identifies, fo r 

any given pixel, the  nearest pixel w ith  a sim ilar clim ate (I.e., Its ana­

log) under a fu tu re  tim e period. Reverse ve loc ity  relates to  incoming 

c lim ates o f a region; It considers fu tu re  clim ate and Identifies, fo r 

any given pixel, the  nearest pixel w ith  a sim ilar clim ate under the  

baseline tim e  period. In o th e r words, fo rw ard  ve loc ities can be con­

sidered a measure o f exposure fo r  organisms m igrating o u t o f any 

given pixel, whereas reverse ve loc ities can be considered a measure 

o f exposure fo r  organisms co lon iz ing (or m igrating Into) any given 

pixel (Carroll e t al., 2015; D obrow skI &  Parks, 2016). Both measures 

use the  distance between each pixel o f In terest and Its nearest c li­

mate analog fo r  a given tim e period to  calculate a ve lo c ity  (Hamann 

e t al., 2015). Forward and reverse ve lo c ity  com puta tions also a llow  

system atic quantifica tion  o f the  location o f ou tgo ing  and Incom ing 

clim ates o f a region, respectively.

In th is  study, w e exam ine the  clim ate exposure o f the  existing 

protected area ne tw o rk  In N orth  Am erica (Canada, United States, 

M exico— NA M ) by the  end o f the  cen tu ry  (2071 -210 0 ) using pro jec­

tions from  the  5 th  IPCC Assessment R eport fo r  fu tu re  clim ate p ro ­

jec tions (IPCC, 2014). Previous research has assessed the  clim atic 

exposure o f p ro tected ne tw orks regionally In Canada (e.g., Lemleux 

&  Scott, 2005; Scott, M alcolm , &  Lemleux, 2002), the  U nited States 

(e.g., Hansen e t al., 2014; M onahan &  FIslchelll, 2014), and M exico 

(e.g., Prieto-Torres, Navarro-Slguenza, Santlago-A larcon, &  Rojas- 

Soto, 2016; Ricker e t al., 2007), bu t existing con tinen t-w ide  

approaches (e.g., Carroll e t al., 2015) are to o  coarse to  reveal threats 

w ith in  p ro tected areas. Here w e present a fine-spatia l scale 

approach In w hich w e assess the  vu lne rab ility  o f the  en tire  N AM  

protected area n e tw o rk  to  clim ate change. W e  com pute fo rw ard  and 

reverse clim ate ve loc ities and, by  Iden tify ing  the  location o f the  

nearest clim ate analogs, exam ine the  po ten tia l re location o f climates 

am ong pro tected  and unpro tected  areas. To assess additiona l threats 

to  the  p rotected biota resu lting from  hum an-induced land m od ifica­

tions, w e characterize land-cover types associated w ith  the  ou tgo ing  

and Incom ing climates.

2 I MATERIALS A N D  M E T H O D S

W e assessed the  vu lne rab ility  o f the  N A M  pro tec ted  area ne tw o rk  

to  clim ate change using th ree  approaches; (I) W e  calculated bo th fo r ­

w ard and reverse clim ate ve loc ities based on baseline (1 981-201 0) 

and en d -o f-cen tu ry  (2071 -210 0 ) clim ate fo r  all pixels w ith in  p ro ­

tected  areas, and classified each pro tected  area th rough a jo in t  fo r ­

w ard -reve rse  characterization o f ve loc ities as low , moderate, o r 

high. (II) Using the  specific  locations o f clim ate analogs (fo r both
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ou tgo ing  and Incom ing climates), w e Identified  w h e the r clim ate ana­

logs are (a) located w ith in  the  same protected area, (b) located In a 

d iffe re n t p ro tected area, (c) located ou ts ide o f the  p ro tected  area 

ne tw ork, o r (d) correspond to  a disappearing o r novel climate. (Ill) 

W e  iden tified  the  land-cover types associated w ith  the  locations o f 

ou tgo ing  and Incom ing clim ates and com pared them  to  baseline con­

ditions.

2.1 I North America protection network and 
climate projections

To de fine the  p rotected area n e tw o rk  fo r  N A M , w e used the 

updated Terrestria l P rotected Areas o f N orth  America (2010) p ro ­

duced by  the  Commission fo r  Environm ental Cooperation (CEC; 

w w w .cec.org/naatlas). This spatial data se t Includes protected areas 

th a t are managed by national, state, provincial, o r te rrito r ia l en titles 

and represents a functiona l system o f eco logically based pro tection  

n e tw o rk  ove r M exico, the  United States, and Canada. W e  retained 

p ro tected areas larger than 10 km^ w ith in  any o f the  categories l-V I 

o f the  Internationa l Union fo r  the  Conservation o f Nature (lUCN, 

1994). Linear features such as rivers, creeks, w aterw ays, parkways, 

trails, and railroads w ere excluded. This yie lded 4 ,512 protected 

areas covering 2.25 m illion km^ th a t sustain high levels o f species 

richness com pared to  unpro tected  locations (Fig. 51). The protected 

area boundaries w ere rasterized using the  same reso lu tion and p ro ­

jec tion  as the  clim ate data described below .

H Igh-reso lu tlon baseline and fu tu re  clim ate data a t a 1-km reso­

lu tion  and In Lam bert Conform al Conic pro jection  w ere ob tained 

from  ADAPTWEST (W ang, Hamann, Splttlehouse, &  Carroll, 2016; 

adaptwest.databasln.org). These data sets are based on the  Coupled 

M odel Intercom parison P roject Phase 5 (CMIP5) database co rre ­

sponding to  the  5 th  IPCC Assessment R eport fo r  fu tu re  projections. 

W e  selected fu tu re  clim ate p ro jections based on the  representative 

concentra tion pa thw ay RCP8.5, w hich represents con tinued use o f 

fossil fuels w ith o u t m itiga tion; em issions since the  year 2000 have 

been closest to  th is  concentra tion  pa thw ay (Peters e t al., 2012). For 

th is  study, w e op ted to  use pro jections o f an individual general c ir­

culation model (GCM), the  MPI-ESM-LR, as representative o f “m e­

dian”  clim ate change pro jection am ong the  e igh t GCM s w ith  high 

va lida tion statistics available In a d a p t w e s t  (K nuttI, Masson, &  G ette l- 

man, 2013; W ang  e t al., 2016). A lthough uncerta in ties exist In all c li­

mate projections, clim ate specialists have dem onstrated the 

significance o f pro jected changes and th a t the  strength o f the  signal 

o f clim ate change (m agnitude o f pro jected changes) exceeds the 

noise (climate pro jections uncerta in ty; e.g., Cressle &  Kang, 2016; 

Sansom, Stephenson, Ferro, Zappa, &  Shaffrey, 2013). W e  cannot 

rule o u t th a t the  degree o f uncerta in ty  In some o f the  variables used 

here (see Section 2.2 below) Is ou tside the  con fidence Interval o f 

the  cu rren t clim ate estim ates. H owever, w e assume th a t the  magni­

tude  o f pro jected clim ate changes (e.g., surface tem perature  

Increases o f 2 .6 -4 .8 “ C by 2 0 8 1 -2 1 0 0  under RCP8.5; IPCC, 2014) 

may be regarded as s ign ificant fo r  the  biota, especially given th a t 

recent h is to ric  change (e.g., 0 .6 “ C w arm ing since the  late n ine teenth

century, IPCC, 1995) has already caused s ign ifican t a lte rations In 

species physio logy and phenology and ecosystem sh ifts  (e.g., Chen 

e t al., 2011; Hughes, 2000; Parmesan, 2006).

2.2 I Characterizing the climate space

W e used 10 clim atic  variables th a t represent b io logically re levant 

annual and seasonal trends In tem perature, p rec ip ita tion, moisture, 

and grow ing  season (Fig. S2; Batllori, M ille r, Parlslen, Parks, &  M o r­

itz, 2014) to  characterize the  c lim atic  conditions, o r m u ltiva ria te  c li­

mate space (M etzger e t al., 2013; W iens, Seavy, &  Jongsomjit, 

2011), ove r N A M . To th is  end, w e used principal com ponent analysis 

(PCA) to  collapse the  in itia l su ite o f clim ate variables Into tw o  new  

orthogona l variables th a t Incorporated the  m a jo rity  (75%) o f the  c li­

m atic variab ility . The PCA was perform ed on a random sample o f

250,000 po in ts used to  ex trac t the  data fo r  baseline (1 981-201 0) 

and six decades o f fu tu re  (2 041 -210 0 ) c lim ate. This representative 

sample o f large-scale baseline and fu tu re  c lim atic  patterns across 

N A M  was pooled tog e the r to  build the  PCA and ob ta in  the  loadings 

o f each c lim atic  variable In the  f irs t and second PCA axes (P C I and 

PC2, respectively). Pooling six decades o f fu tu re  clim ate w ith  base­

line clim ate ensured a com prehensive characterization o f the  en tire  

N A M  clim ate space, even though the  focus o f ou r vu lne rab ility  anal­

ysis was on en d -o f-cen tu ry  cond itions (2071-2100). Subsequently, 

w e pred icted P C I and PC2 scores fo r  each pixel across the  en tire  

N A M  fo r  baseline and en d -o f-cen tu ry  conditions. Finally, P C I and 

PC2 scores w ere pa rtitioned Into 120 equal bins to  ob ta in  a s tra tif i­

cation o f the  clim ate space Into smaller hom ogeneous un its (Batllori 

e t al., 2014; Hamann e t al., 2015). This approach corresponds to  a 

re la tive ly  conservative s tra tifica tion  o f the  clim ate grad ien t and 

the re fo re  o f associated ve lo c ity  and analog estim ates (D obrow skI &  

Parks, 2016; Hamann e t al., 2015). W e  used a 120-b ins s tra tifica tion  

to  pe rfo rm  the  clim ate exposure assessment presented here (see 

below), b u t as the  precision o f the  clim ate space s tra tifica tion  can 

largely Influence clim ate analog and ve loc ity  com puta tions (Carroll 

e t al., 2015; Hamann e t al., 2015), w e also used clim ate s tra tifica ­

tions o f 4 0  and 200 bins to  evaluate the  sen s itiv ity  o f the  results to  

bln size.

2.3 I Forward and reverse climate analogs

W e applied the  algorithm s detailed In Hamann e t al. (2015) to  iden­

t i fy  clim ate analogs and the  associated fo rw ard  and reverse clim ate 

ve loc ities fo r  each 1-km  pixel In the  p ro tected  area ne tw ork . W e 

used a fas t k-nearest ne ighbor search a lgorithm  (C rookston &  Finley, 

2007) to  Ide n tify  fo rw ard  and reverse c lim atic  analogs betw een 

baseline and en d -o f-cen tu ry  periods. That Is, fo r  each pixel In the 

p rotected area ne tw ork , w e found the  nearest location across all 

N A M  w ith  fu ture  clim ate cond itions th a t correspond to  the  c lim ate 

conditions currently  found In th a t pixel; th is  represents fo rw ard  o r 

ou tgo ing  clim ate analogs. To com pute reverse o r Incom ing clim ate 

analogs, we found the  nearest location ove r N A M  w ith  current c li­

mate cond itions th a t correspond to  the  future  c lim ate cond itions
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projected fo r  each pixel In the  p rotected area ne tw ork. W e  used the 

distance and location o f bo th  fo rw ard  and reverse clim ate analogs to  

com pute clim ate ve loc ity  (In km /year).

2.4 I Climate exposure assessment

W e perform ed a vu lne rab ility  assessment based on clim ate ve loc ity  

to  exam ine exposure to  clim ate change w ith in  the  p rotected area 

ne tw ork. This was achieved by averaging the  pixel-based ve locities 

w ith in  each protected area. W e  then pa rtitioned the  range o f fo r ­

w ard and backward ve loc ity  values in to  low , m oderate, and high 

using three  equal-area quantiles on the  log-transform ed ve lo c ity  e s ti­

mates (Carroll e t al., 2015). In th is  and subsequent approaches (see 

below), m ost o f ou r results are aggregated to  individual pro tected 

areas to  capture general trends w ith in  the  ne tw ork, b u t w e also pre­

sent some o f the  pixel-level results to  Illustrate the  finer-scale va ri­

ab ility  w ith in  p ro tec ted  areas.

Next, w e examined the  po tentia l c lim atic  re location across N A M  

protected areas by  de term in ing  p ro tec tion  status o f the  locations o f 

th e ir ou tgo ing  and incom ing clim ate analogs (Figure 1). W e  used fo r ­

w ard clim ate analog com puta tions to  id e n tify  w he the r ou tgo ing  c li­

mates w ere relocated: (I) w ith in  the  source protected area, (II) in 

o th e r p ro tected areas, o r (ill) ou ts ide the  p rotected area ne tw o rk

(Figure la ). Likewise, reverse clim ate analogs w ere used to  quan tify

w he th e r incom ing climates w ere cu rren tly  located: (I) w ith in  the

same protected area, (II) in o th e r p ro tected areas, o r (ill) ou ts ide the

protected area n e tw o rk  (Figure lb ) .  A lte rna tive ly , some areas ma

no t have clim ate analogs w ith in  the  fu tu re  c lim atic  space o f the

study region (disappearing climates) o r may show  fu tu re  conditions

th a t do n o t ex is t w ith in  the  cu rren t clim ate space (novel climates)

A dd itiona lly , fo r  both ou tgo ing  and Incom ing climates, w e se t an

arb itra ry  thresho ld  o f 1,000 km (>10 km /year) to  acknow ledge those

areas th a t may be exposed to  c lim atic  changes th a t exceed the

m igrating capacities o f m ost species (e.g., Santlnl e t al., 2016).

Finally, w e evaluated land-cover characteristics associated w ith  

the  location o f ou tgo ing  and Incom ing climates and com pared them  

to  current, o r baseline, characteristics. W e  aimed to  determ ine: (I) 

w he th e r climates are predicted to  re locate to  d iffe re n t cover types 

(e.g., re location betw een forested and nonforested habitats), and (ii) 

w he th e r cu rren t climates th a t are in b io logically re levant land-cover 

types (I.e., p ro tected areas) may re locate to  unsuitable land-cover 

types (e.g., urban, croplands) o r w he th e r fu tu re  p ro tected  climates 

may com e from  degraded lands. O ur in te n tion  was thus to  assess 

additiona l constraints. Imposed by land-cover and hum an-induced 

land-use m odifications, th a t m igrating biota may experience In 

response to  clim ate change. W e  used the  2005 Land Cover o f N orth  

Am erica (2013) version 2.0 (CEC, w w w .cec.o rg /naa tlas /) to  ex trac t 

the  land-cover characteristics o f all pixels in p ro tected areas and 

com pare It w ith  land cover o f the  locations representing th e ir  fo r ­

w ard and reverse clim ate analogs. For th is  analysis, w e used e igh t 

m ajor land-cover types com puted on the  basis o f the  original land- 

cove r data set: forests, shrublands, grasslands, lichen/m oss com m uni­

ties, wetlands, b a rren /w a te r/sno w , croplands, and urban.

F IG U R E  1 Conceptual fram ew ork  to  assess the  po tentia l re location o f climates w ith in  the  n e tw o rk  o f p ro tected areas o f N orth  America; 

baseline clim ate conditions correspond to  1 9 8 1 -2 0 1 0  and fu tu re  to  2 0 7 1 -2 1 0 0 . A rrow s jo in  c lim atic  analogs o f hypothe tica l pixels w ith in  and 

ou tside p ro tected areas, and the  fram ed, w h ite  background represents the  c lim atic  space as defined by fu tu re  conditions. In (a), the  fu tu re  
location (arrowhead) o f the  nearest c lim atic  analogs o f cond itions cu rren tly  found w ith in  a given pro tec ted  area (p rotected area 1) Is depicted 

(fo rw ard re location o r ou tgo ing  climates), whereas in (b) the  arrows show  w here fu tu re  cond itions o f th a t p ro tected area are cu rren tly  found 

(reverse re location o r Incom ing climates)

Forward relocation Reverse relocation

Protected area 1 Protected area 1 
Protected area 2 Protected area 2

W -  Within
W -  Within

O ~  outsideO -  outside

0  -  disappearing *  N -  no-analog

3 I RESULTS
 

 The ve locity-based vu lne rab ility  assessment shows th a t the  m a jo rity  

(78.8%) o f pro tected area un its ove r N A M , covering 1.95 m il­

lion km^, may be exposed to  m odera te-to-h igh com bined fo rw ard  

and reverse c lim atic  ve loc ities (Figure 2a and Fig. S3). A b o u t one- 

th ird  o f p ro tected area un its are predicted to  face e ith e r high fo r ­

w ard (37.0%) o r high reverse (31.6%) velocities, and 17.2% o f them  

w ill face bo th  high fo rw ard  and high reverse ve loc ities o f change. A  

much smaller percentage (6.7%) w ill face low  com bined velocities. 

Im portan t geographic d iffe rences In pro jected c lim atic  a lte ra tion ove r 

the  N A M  protected area n e tw o rk  are apparent a t both coarse- and 

fine-spatia l scales and w ith in  a given protected area (Figures 2c and
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S3). P rotected areas In the  w estern United States may be sub ject to  

low er ve loc ities o f c lim atic  change, whereas the  highest ve locities 

w ou ld  a ffe c t no rthe rnm ost latitudes, eastern Canada, and southeast­

ern United States. P rotected areas w ith  disappearing climates are 

located a t no rthe rn  latitudes and In southeast M exico, whereas novel 

climates appear concentrated along the  N A M  northe rn  coast. In 

southern M exico, and In sou thern California and the  G ulf o f C a lifo r­

nia.

F IG U R E  2 Velocity-based vu lne rab ility  assessment o f each protected area w ith in  N orth  America (a) based on nine categories (depicted In b) 
derived from  grouping the  range o f values o f fo rw ard  and reverse ve loc ities o f clim ate change Into three  equal-area quantiles along each axis. 

Geographic patterns o f the  categories depicted In (a) are show n a t the  pixel level In (c). N ote  th a t In (c) disappearing and novel climates (see 

te x t fo r  details) are depicted In black; these categories are n o t Included In panel (a). Assessment based on baseline (1981 -201 0 ) and fu tu re  
(2 071 -210 0 ) clim ate data from  the  M PI-ESM-LR model

t - T iW i .

A

0.1 1 10 

Forward velocity (km/yr)

Forward velocity

C lim atic re location patterns by  the  end o f the  cen tu ry  a t the 

level o f p ro tected area un its (I.e., m a jo rity  trends am ong pixels w ith in  

a given pro tected  area) reveal th a t the  m a jo rity  o f p ro tected areas 

have ou tgo ing  and Incom ing climates th a t m ay te rm ina te  o r orig inate 

ou tside o f the  cu rren t p ro tected area ne tw o rk  (68.7%  and 76.6%, 

respectively; Figure 3, Table 1). A dd itiona lly , fo r  -1 1 %  and -1 2 %  o f 

the  p ro tected  areas, ou tgo ing  o r Incom ing clim ate analogs m ay be 

located In locations >1,000 km away, respectively. C lim atic re loca­

tion  th a t m ostly  occurs w ith in  the  p ro tec tion  lim its o f individual 

un its (I.e., un its may retain th e ir  cu rren t climates) applies to  on ly  a 

small percentage o f p ro tected areas (1.6%), whereas fo r  18.5% o f 

pro tected areas ou tgo ing  climates may be found In o th e r pro tected 

area units. The frac tion  o f p ro tected  areas com pris ing the  location o f 

Incom ing climates from  o th e r p ro tec ted  areas (reverse estimates) Is, 

however, much low er (8.6%). O n ly a ve ry  small frac tion  o f pro tected

areas (0.2%) are characterized by climates th a t w ill disappear from  

N A M  by the  end o f the  cen tury, and 2.5% o f them  m ay have novel 

climates Into the  fu tu re  (I.e., clim ate conditions th a t are n o t repre­

sented under baseline conditions; Figure 3a, Table 1). A t the  co n ti­

nental N A M  scale, such protected area re location estim ates are 

re la tive ly  stable across clim ate s tra tifica tions o f vary ing precision 

(Table 1, Fig. S4). Y e t the  p roportion  o f clim ate re location w ith in  

p rotected areas and analogs found >1,000 km aw ay from  the  cu rren t 

location are the  ones m ost Influenced by ho w  clim ate un its are 

de fined (e.g., clim ate s tra tifica tion  on the  basis o f 40, 120, o r 200 

bins).

C lim atic re location patterns a t the  pixel level, how ever, h igh light 

th a t substantia l fine-spatia l scale varia b ility  exists w ith in  p rotected 

areas (Table 1, Figs S5 and S6). The frac tion  o f c lim atic  re location 

w ith in  and am ong pro tected  areas, when considering all p ro tected 

pixels indiv idually. Increases re la tive to  the  assessment a t the  level 

o f p ro tected un its (I.e., pixels grouped by p rotected area), whereas 

re location am ong pro tec ted  and unpro tected  locations decreases. 

FIne-scale re location patterns also h igh ligh t th a t high ve lo c ity  o f 

change (clim ate analogs located >1,000 km away) and disappearing 

o r novel climates are m ore like ly  to  occur locally (e.g., w ith in  a given 

protected area), a ffec ting  16.3%, 2.3%, and 4.7% o f all p ro tected p ix ­

els, respectively.
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F IG U R E  3 Geographic patterns o f the  po tentia l re location o f climates w ith in  the  ne tw o rk  o f p ro tected areas o f N orth  America. Fo llow ing 

the  fra m ew ork  in Figure 1, (a) depicts the  fu tu re  location o f the  nearest c lim atic  analogs o f cond itions cu rren tly  found w ith in  p ro tected areas 

(fo rw ard re location o r ou tgo ing  climates), whereas (b) depicts from  w here fu tu re  conditions w ith in  p rotected areas may come from  (reverse 
re location o r incom ing climates). Those pixels w ith  fu tu re  clim ate analogs fu rth e r than 1,000 km away are depicted in red, whereas 

disappearing clim ate cond itions in (a) and no-analog clim ates in (b) are depicted in black. Baseline (1981 -201 0 ) and fu tu re  (2071 -210 0 ) c lim ate 

data com e from  the  M PI-ESM -LR model

(a) Forward relocation (b) Reverse relocation
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Area-wise proportions are based on a majority approach including the potential relocation o f all pixels w ith in  a given protected area. Climatic relocation 
is based on estimates o f both forward and reverse velocities o f climate change to identify the geographic destinations and sources o f outgoing and 
incoming climates from and to  protected areas into the future (see main tex t fo r further methodological details). Note tha t fo r each relocation class the 
value corresponding to a conservative 120-bins stratification o f the climatic space over North America is presented, whereas “bounded variability” val­
ues from 40- and 200-bins stratifications are presented in brackets ([le ft-right], respectively).

T A B L E  1 Potential re location (in percentage) o f fu tu re  clim ate analogs am ong pro tec ted  areas o r in to  unprotected destinations 

  Outgoing climate reiocatlon

W ith in Among Outside  >1,000 km Disappearing

Area-wise  1.6 [5.5 0.8]-   18.5 [16.9 17.2]-  68.7 [68.0 65.9]-  11.0 [9.4 15.9]-   0.2 [0.06 0.3]-  

Pixel level  8.2 [13.8 6.7]-  21.5 [19.6-21.6] 51.7 [54.6-50.7] 16.3 [11.2-17.4] 2.3 [0.7-3.5]

Incoming ciimate reiocation

W ith in Among Outside  >1,000 km Novei

Area-wise  0.8 [3.2 0.5]- 8.6 [7.3-8.1] 76.6 [82.3-76.4] 11.5 [6.3-12.4] 2.5 [1.0-2.6]

Pixel level  6.5 [10.8 5.5]-  13.3 [16.2 13.2]-  58.1 [60.5 56.8]-  17.5 [10.3 19.2]-  4.7 [2.2 5.31-

The analysis o f the  m ajor land-cover types associated w ith  the 

location o f ou tgo ing  and incom ing c lim atic  analogs (Figure 4) reveals 

th a t substantia l d iffe rences exist be tw een the  land cover w ith in  the 

cu rren t p ro tected areas and the  land cover in locations representing 

fo rw ard  and reverse clim atic  analogs. Forward re location patterns 

show  tha t, overall, locations representing analogs o f ou tgo ing  c li­

mates from  pro tec ted  areas com prise less forest, shrubland, grass­

land, lichen/m oss, and w etlands, and substantia lly  more ba rren / 

w a te r/sn o w  cover types. Species cu rren tly  inhab iting  grasslands.

lichen/m oss, and w etlands may the  ones sub ject to  s tronger con­

stra in ts imposed by changes in land-cover characteristics (Figure 4). 

On the  o th e r hand, reverse re location patterns reveal th a t some o f 

the  areas representing incom ing climates to  the  p ro tec tion  ne tw o rk  

correspond to  croplands and urban areas. A lthough ou r assessment 

suggests th is  pa ttern  may n o t prevail across the  en tire  protected 

area ne tw ork, i t  is re levant fo r  some forested  regions o f the  ne tw o rk  

(Figure 4). Reverse re location pa tterns also indicate th a t grasslands, 

lichen/m oss, and b a rre n /w a te r/sn o w  w ill like ly  be the  p rotected
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land-cover types m ostly  receiving a pool o f species from  d iffe re n t 

cover types than the  ones th e y  cu rren tly  have, especially from  fo r ­

ests and shrublands.

F IG U R E  4  Assessment o f the  land-cover characteristics in re la tion to  the  clim ate re location analysis. The map shows the  cu rren t land-cover 

coverage across N orth  Am erica (m odified from  the  Land C over o f N orth  Am erica version 2.0; w w w .cec.o rg /naa tias /) and the  m idd le ba rp io t 
(“baseline”) depicts the  frac tion  o f the  d iffe re n t land-cover types w ith in  the  ex is ting p ro tec tion  ne tw ork . C ontingen t on each cover type  in 

“baseline” , the  ba rp io t in the  le ft  (“ incom ing”) shows the  frac tion  o f land-cover types in locations representing the  source o f incom ing climates 

to  the  p ro tec tion  ne tw ork, and the  ba rp io t to  the  r igh t (“ou tgo ing ”) shows the  frac tion  o f land-cover types associated w ith  locations where 
ou tgo ing  climates from  protected areas may be found in to  the  fu tu re . Baseline (1981 -201 0 ) and fu tu re  (2071 -210 0 ) ciim ate data com e from  

the  M Pi-ESM -LR model

Incom ing ............. ► Baseline  ► Outgoing

I
I

W  H

I
I

I Forests I Wetlands 
I Shrublands Barren/Water/Snow 
I Grasslands I Croplands 
LIchen/Moss I Urban

4 I D ISCUSSION

Political and econom ic realities have resulted in an ad hoc design o f 

the  n e tw o rk  o f p ro tected areas ove r N orth  America th a t does no t 

fu lly  capture its ecological range o f climates, cover types, and species 

(e.g., Batllori e t ai., 2014; S co tt e t ai., 2001, 2002). O ur analysis sug­

gests th a t ciim ate change w ill fu r th e r com prom ise the  ab ility  o f the 

N A M  pro tec tion  ne tw o rk  to  e ffec tive ly  preserve cu rren tly  pro tected 

species and ecosystems. The estim ates o f the  ve lo c ity  o f c iim ate 

change presented here h igh ligh t th a t the  m a jo rity  o f p ro tected  areas 

may be exposed to  high rates o f ciim ate displacem ent. Such fo rc ing  

may p rom ote  im po rtan t sh ifts in species d is tribu tion  (e.g.. Burrows 

e t ai., 2014; M cG ill, 2010), w ith  po ten tia lly  dram atic a lte rations to  

ecological com m unities, b iod ivers ity , and ecological processes w ith in

the  ne tw ork . A dd itiona lly , o n ly  a re la tive ly  small po rtion  o f p ro tected 

areas may have fu tu re  clim ates th a t represent analogs o f conditions 

cu rren tly  characterizing o th e r p ro tected areas. Overall, the  po tentia l 

fo r  c lim atic  re iocation o f ou tgo ing  clim ates from  pro tected  to  non­

protected areas is high, as is the  p roportion  o f incom ing climates 

from  unpro tected  areas in to  the  ne tw ork . Encouragingly, ou r exam i­

nation h igh lights opportun ities  to  com plem ent o r redefine the  cu r­

re n t p ro tec ted  area n e tw o rk  and prom ote  its con nec tiv ity  given the 

prevalence o f natural land-cover types in locations representing o u t­

go ing and incom ing ciim ate analogs o f cu rren tly  p ro tected areas.

4.1 I Protection network exposure to climate 
change

O ur quantita tive , system atic assessment o f ciim ate ve loc ities reveals 

spatia lly  vary ing exposure and sensitiv ities o f the  n e tw o rk  o f p ro ­

tected  areas to  ciim ate change. M odera te -to -h igh  ve loc ities o f c ii­

mate change w ith in  the  N A M  pro tec ted  areas (Figure 2) could have 

a p ro found im pact on the  d is tribu tion  and abundance o f a large
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num ber o f species (e.g., Burrow s e t a!., 2014; T hu llle r e t al., 2011). 

Such forecasted e ffec ts  may depend upon assumptions abou t the 

w id th  o f c lim atic  niches (e.g., na rrow  o r truncated niches) and the 

adaptive capacity (e.g., niche evo lu tion) o f species. This Is supported 

by the  observed, recent clim ate-driven changes In species d is tr ib u ­

tion  (e.g., Chen e t al., 2011; O rdonez &  W illiam s, 2013; PInsky e t al., 

2013; b u t see Currie &  Venne, 2017) and by  the  fa c t th a t rates o f 

species’  niche change o r genetic sh ifts  are generally s low er than 

changes In clim ate (e.g., Jezkova &  W iens, 2016; Parmesan, 2006), 

the reby lim iting  the  capacity o f species to  persist. In such cases, p ro ­

tected species w ith  poor dispersal capacity (e.g., Santlnl e t al., 2016; 

Schloss, Nunez, &  Lawler, 2012) o r those depending on late-succes- 

slonal habitats (e.g., Stralberg e t al., 2015) m ay be m ost a ffected  by 

high ve loc ities o f clim ate change, especially a t the  leading o r tra iling  

edge o f species d is tribu tion . A dd itiona lly , even low  ve loc ities o f c li­

mate change com bined w ith  topographica l Im pedim ents may in h ib it 

species m igration (DobrowskI &  Parks, 2016).

Patterns o f exposure to  changing climates given by coarse filte r  

approaches such as ve lo c ity  o f clim ate change can be qua lita tive ly  

s im ilar to  finer-scale species b locllm atic model pro jections (e.g., Gar­

cia, Cabeza, A ltw egg, &  Arau jo , 2016). How ever, In many cases c li­

mate ve loc ities are like ly  to  represent an upper bound o f m igration 

requirem ents (Carroll e t al., 2015) as a species’ fundam enta l niche 

may be broader than Its observed realized niche. Ecosystem o r vege­

ta tion  Inertia con tingen t on long-lived species may also prom ote  lags 

In response to  changing climates w ith o u t Im m ediate e ffec ts  on pop­

ulations (e.g.. Ash, GIvnlsh, &  W aller, 2017; C o rle tt &  W estco tt, 

2013). Furtherm ore, In spite o f overall m odera te -to -h igh  ve loc ities o f 

clim ate change, species may n o t s h ift In to new  areas under changing 

climates b u t may ju s t con trac t Into patches o f suitable hab ita t w ith in  

th e ir cu rren t range (suitable m icrorefugla; A shcro ft, Collan, W arton , 

&  Ramp, 2012; TIngley, Darling, &  W llcove , 2014). O u r approach 

po in ts to  substantia l spatial varia b ility  In ve loc ity  estim ates w ith in  

the  N A M  pro tec tion  n e tw o rk  (Figs S3 and 55). Finer resolutions 

w ou ld  be required, though, to  de tec t re levant m icrorefugla fo r  many 

species, as the  1-km grid reso lu tion used here Is like ly  to  average 

o u t much o f the  existing m icrocllm atic clim ate varia tion (e.g., Lenoir 

e t al., 2013; Randin e t al., 2009). Local model calibration w ou ld  be 

required to  assess m icrocllm atic d ive rs ity  (e.g., 25- to  30 -m  resolu­

tion) fo r  conservation and clim ate change planning a t the  level o f 

pro tected area units.

From a conservation perspective, id e n tify ing  and p ro tec ting  c li­

mate refugla Is em erging as a critica l proactive conservation stra tegy 

(e.g., Keppel e t al., 2012) to  a llow  the  persistence o f some popula­

tions In spite o f the  changing clim ate. A lso, the  p ro tec tion  o f a 

diverse array o f ab io tic  cond itions w here co n nec tiv ity  a llows fo r  spe­

cies m ovem ent am ong areas has been advocated to  preserve b iod i­

ve rs ity  Into the  fu tu re  (Law ler e t al., 2015). How ever, the  response 

o f keystone species o r the  progressive decoupling o f species in te rac­

tions (e.g., plants and po llinators) ow ing  to  clim ate-driven m is­

matches In phenology may exacerbate the  e ffects  o f clim ate change 

on ecosystems a t local scales. Irrespective o f the  ab io tic  se tting  o r 

species’  niche w id th  and tra its  (e.g., Blols, Zarnetske, F itzpatrick, &

Finnegan, 2013; Hughes, 2000). Furtherm ore, fas t changes In some 

key c lim atic  com ponents may p rom ote  substantia l a lte ra tions In 

param ount ecosystem processes such as disturbances (e.g., f ire —  

M o ritz  e t al., 2012; d rough t— Allen, Breshears, &  M cD ow e ll, 2015). 

Changes In the  frequency, magnitude, o r In tens ity  o f disturbances 

could also act as a cata lyst o f ecosystem change In cases w here 

ecosystem Inertia o r persistence Is expected (e.g., M illa r &  S tephen­

son, 2015).

A lthough ou r find ings suggest th a t disappearing climates w ith in  

the  N A M  pro tec tion  n e tw o rk  w ill n o t be w idespread ove r the  

upcom ing century, b iod ive rs ity  cou ld be threatened If these climates 

correspond to  un ique cond itions associated w ith  centers o f d is tr ib u ­

tio n  o f rare species (O h iem ulle r e t al., 2008). Conversely, ou r results 

suggest th a t novel clim ate cond itions may be m ore prevalent, 

appearing In -5 %  o f the  N A M  protected pixels. Novel c lim atic  cond i­

tions have appeared repeated ly ove r m illennia, and changes In spe­

cies d is tr ib u tion  and abundance, tog e the r w ith  ex tinc tion  and 

speclatlon processes, resulted In the  fo rm ation  o f new  assemblages 

o r com m unities (Blols e t al., 2013; S tralberg e t al., 2009; W illiam s &  

Jackson, 2007). Because both disappearing and novel climates could 

con s titu te  “dead ends’’  fo r  the  conservation o f specific  organisms o r 

ecological processes, the y  represent an Im portan t focus and chal­

lenge fo r  conservation and m anagement strategies, given ou r Incom ­

plete understanding o f d ive rs ity  and ecological patterns and 

processes (Hobbs e t al., 2006).

4.2 I Potential climatic relocation across the 
protection network

O ur exam ination suggests th a t a re la tive ly  small frac tion  o f p ro tected 

areas (8.6%; bu t see Table 1, Fig. S4) may be critica l fo r  fu tu re  N AM  

conservation e ffo rts . These represent p ro tected areas w ith  fu tu re  c li­

mates th a t correspond to  the  closest analogs o f cu rren t (bu t o u tg o ­

ing) clim ates o f a lm ost a f if th  (17.3%) o f the  pro tected  area un its 

w ith in  the  ne tw ork . Nevertheless, ou r find ings h igh ligh t th a t the  

re location o f ou tgo ing  climates from  protected areas Into un p ro ­

tected  areas may a ffec t the  m a jo rity  o f p ro tected climates ove r 

N A M  (Figure 3, Table 1). These calculations are In ten tiona lly  based 

on the  “ low es t ve lo c ity ”  (I.e., the  closest clim ate analog) on the  

assum ption th a t closer Is b e tte r fo r  po tentia l m igration o f species, 

especially fo r  species w ith  lim ited m igration capabilities. Such an 

approach may thus underestim ate the  p roportion  o f p ro tected  c li­

mates th a t cou ld re locate to  p rotected areas, as more d is ta n t p ro ­

tected  c lim atic  analogs (than the  nearest) could exist.

To provide a w ide r perspective on po tentia l c lim atic  re location 

patterns, w e assessed w he th e r p ro tected  pixels having the  closest 

analog ou ts ide o f the  ne tw o rk  o f p ro tected areas may a lte rna tive ly  

have clim atic  analogs w ith in  the  p ro tec tion  ne tw ork, e ither; (I) among 

the  10 closest clim ate analogs fo r  each pixel o r (II) anywhere In the  cu r­

re n t p ro tected area n e tw o rk  (excluding protected areas >1,000 km 

away). These com puta tions Indicate th a t the  nearest analogs fo r 

51.7%  o f the  protected pixels are ou tside o f the  p ro tec tion  ne tw o rk  

(Table 1), b u t fo r  a substantia l p roportion  o f them  (17.4%, I.e., 9% o f
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the  to ta l p ro tec ted  pixels) a p rotected status can be found am ong its 

10 closest c lim atic  analogs (Fig. S7, Table S I). A dd itiona lly , fo r  the 

16.3% o f the  to ta l p ro tected pixels whose 10 closest clim ate analogs 

are n o t in a p rotected area, a t least one clim ate analog exists in a p ro ­

tected area less than 100 km away, and the  rem aining 14.9% o f the 

p ro tected pixels have a p ro tected clim ate w ith in  a distance o f

1,000 km (Fig. 58, Table 52). Even under th is  w ide r perspective on c ii­

mate analogs, the  im plica tion remains th a t biota in 11.5% o f the  p ro ­

tected pixels ove r N A M  may depend upon nonpro tected areas fo r 

analog c lim atic  conditions in the  fu tu re . A dd itiona lly , a lthough analogs 

may exis t in p ro tected locations, the  distance a t w hich the y  are found 

can increase dram atica lly re la tive to  the  closest c lim atic  analog o f each 

pixel (Fig. S9). This may exe rt additiona l threats o th e r than the  ciim ate 

fo rc ing  itse lf (e.g., ve lo c ity  o f change) to  p ro tec ted  species’  re iocation 

w ith in  the  p ro tec tion  ne tw ork.

Despite ou r assessment’s suggestion th a t ou tgo ing  c lim atic  re io ­

cation in to  h igh ly a ltered o r o therw ise  degraded land-cover types 

(croplands, urban; Figure 4) may n o t be extensive, unpro tected  land­

scapes could still represent m igra to ry “ dead ends’’  fo r  sensitive biota. 

Conversely, clim ates th a t re locate from  unpro tected  and po ten tia lly  

degraded lands in to  the  p ro tec tion  n e tw o rk  could adversely in flu ­

ence the  pool o f co lon iz ing species and the  suite o f species th a t can 

occupy protected areas in to  the  fu tu re . H ow ever, w e on ly  accounted 

fo r  the  location o f the  closest c lim atic  analogs in to  the  fu tu re  (but 

see Fig. SIO fo r  land-cover types associated w ith  the  10 closest ana­

logs), and analogs may exist in natural land-cover types th a t are 

m ore d is ta n t (M cGuire, Lawler, McRae, Nunez, &  Theobald, 2016). 

Regardless, ou r assessment h igh lights th a t unsuitable land-cover 

types in the  closest c lim atic  analogs fo r  p ro tected areas could pose 

additiona l threats and constra ints to  species w ith in  p rotected areas 

in hum an-m od ified parts o f the  con tinen t.

O ur results show  th a t m any o f the  c lim atic  environm ents o f N orth  

American protected areas may te rm inate o r orig inate  in areas th a t 

have a natural land cover (Figure 4), irrespective o f p ro tec tion  status. 

This m ay provide opportun ities  fo r  reorganization o f cu rren tly  p ro ­

tected species and ecosystems under changing climates. A lthough veg­

e ta tion  lags could exe rt additiona l constra ints fo r  c lim ate-driven 

species m igration to  and from  places characterized by habitats d iffe r­

en t from  the  ones the y  cu rren tly  inhabit, in the  m id- to  long term , 

these natural landscapes represent im po rtan t opportun ities  to  ad just 

strategies and ensure the  con tinued relevance o f conservation e ffo rts  

in to  the  fu tu re . For instance, even if, as ou r assessment suggests, re io ­

cation in to  cu rren tly  nonvegetated cover types (barren, w ater, o r 

snow) is like ly  to  occur in a substantia l po rtion  o f the  p rotected areas 

across N A M , these areas m ay still represent conservation o p p o rtu n i­

ties w ith  the  po tentia l to  revegetate under new  c lim atic  conditions 

(Roland, Stehn, Schmidt, &  Houseman, 2016). H owever, broad-scaie 

e ffec tive  conservation across N orth  Am erica and elsewhere w ill like ly 

require jo in t  public- and private-iand collaboration across adm in istra­

tive  and po litica l boundaries (Fig. 511; Batllori e t ai., 2014; Hannah, 

2010). These challenging aspects are being tackled in ongoing in itia ­

tives and partnerships w o rld w id e  (e.g., Beever e t ai., 2014; h t tp s ; / /  

y2y .ne t/).

4.3 Framework considerations and limitations

The results o f th is  s tudy are con tingen t on data qua lity  and decisions 

regarding the  m ethodologica l approach. For instance, w e analyzed a 

median scenario o f ciim ate change (the M Pi-ESM -LR ciim ate model; 

W ang  e t ai., 2016), bu t w h a t constitu tes a w o rs t- o r best-case clim atic 

scenario d iffe rs  by  ciim ate model, region, and the  ciim ate variable o f 

in te res t (Fig. 512; M a loney e t ai., 2014). Also, fo r  a given pa rtition ing  

precision o f the  ciim ate space (e.g., 120 bins), the  in tegration o f s lightly  

o ffse t ciim ate space stra tifica tions (i.e., s ligh tly  d iffe re n t de fin itions  o f 

unique, hom ogeneous c lim atic  com binations) has been proposed to  

reduce the  e ffec ts  o f a rb itra ry  boundaries betw een clim ate bins in 

m u ltiva ria te  analog-based ve loc ity  com puta tions (Carroll e t a!., 2015). 

H ow ever, o ffse t s tra tifica tions yie lded ve ry  s im ilar results in overall 

re iocation patterns o f clim ate am ong pro tected  and unpro tected  areas 

a t the  con tinenta l scale o f th is  s tudy (Fig. S13). C iimate s tra tifica tion  

approaches are also sensitive to  the  resolution o f the  pa rtition ing  o f 

the  clim ate space (Batllori e t a!., 2014; Hamann e t a!., 2015). Here, w e 

accounted fo r  the  va ria b ility  on the  po tentia l re location o f climates 

con tingen t on d iffe re n t pa rtition ing  resolutions (Table 1, Figs S4 and 

S6), bu t w e op ted to  focus on a single o ffse t realization based on a 

conservative pa rtition in g  (i.e., lim ited num ber o f clim ate com binations 

de fined w ith in  the  clim ate space). This approach balances the  prec i­

sion o f clim ate matches to  e ffe c tive ly  capture spatial varia b ility  bu t 

avoids the  prevalence o f no-analog climates th a t can appear under 

m ore fine-gra in  pa rtition ing  (D obrow ski &  Parks, 2016; Hamann e t a!., 

2015). Overall, the  analysis presented here m ust be taken as illus tra ­

tive  o f po ten tia l im plications o f clim ate change exposure and associ­

ated re location patterns w ith in , among, and ou tside p rotected areas a t 

the  regional scale o f N orth  America.

The approach w e used reveals im portan t conservation challenges 

bu t is best suited fo r  continenta l to  regional extents, as ciimate is the 

prim ary fac to r influencing the d is tribu tion  o f species a t broad spatial 

scales (McGill, 2010). A t  landscape to  local extents, however, patterns 

o f b iod ivers ity  and associated ecological processes are n o t solely a fun c­

tion  o f ab io tic conditions, bu t they are also the result o f b io tic  in terac­

tions th a t may bu ffe r o r exacerbate the c lim ate-driven changes (Biois 

e t ai., 2013). A dditiona lly, the ex te n t o f the ciimate units in analog- 

based approaches may be in some cases narrow er than the w id th  o f c li­

mate niches o f some species (Carroll e t ai., 2015), in w hich case reloca­

tion  forecasts could be less re le van t Finally, the use o f regionai-scaie 

m ultivariate metrics o f ciimate sm ooths o u t the variab ility  o f individual 

variables (Ordonez &  W illiam s, 2013), lim iting ou r ab ility  to  characterize 

potentia l im plications o f changing climates a t a fine-spatial scale.

4.4 I Applicability and future directions

The ciim ate exposure assessment presented here evaluates ho w  the 

ab ility  o f the  N orth  Am erican p ro tec tion  ne tw o rk  to  preserve natural 

c lim atic  environm ents m ay change ove r the  cen tury. The po tentia l 

fo r  c lim atic  re iocation illustra ted here emphasizes the  need to  v ie w  

p ro tec tion  ne tw orks as dynam ic systems in w hich the  d is tribu tion  

and abundance o f species (cu rren tly  p ro tec ted  and nonpro tected)
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can change ove r tim e  as clim ate conditions sh ift. As such, e ffo rts  to  

preserve b iod ivers ity  th a t aim fo r  a s ta tic  version o f the  protected 

biota w ill fall, as w ill e ffo rts  th a t Ignore the  spatial m a trix  surround­

ing the  p ro tec tion  ne tw ork. Both cu rren t and fu tu re  biota w ith in  the 

ne tw o rk  w ill con tinue  to  b e ne fit from  large and diverse protected 

areas w ith  minimal fragm entation and su ffic ie n t co n nec tiv ity  to  a llow  

fo r  species m ovem ent am ong them  (Law ler e t al., 2015). W e  believe 

th a t the  com puta tiona l e ffic iency, flex ib ility , and transparency, and 

the  m ulti-scale character o f ou r fra m ew ork  make i t  an e ffec tive  con­

servation too l (Sarkar e t al., 2006) th a t m ay aid in reserve design 

and large-scale conservation e ffo rts  under changing climates. Using 

ensemble GCM and clim ate scenarios to  bracket the  range o f uncer­

ta in ty  (L itte ll, M cKenzie, Kerns, Cushman, &  Shaw, 2011), system atic 

evaluation o f po ten tia l c lim atic  re location a t regional and local scales 

can be im m inen tly  useful to  in fo rm  cu rren t conservation in itia tives 

and clim ate change vu lne rab ility  and adapta tion analyses. For 

instance, th is  m ethod could serve to  (a) de fine nuclei o f pro tected 

areas th a t represent po ten tia l key c lim atic  locations fo r  the  m igrating 

biota (ou tgo ing-incom ing species), (b) redesign conservation goals in 

areas th a t are pro jected to  experience substantia l c lim atic  changes, 

(c) id e n tify  unpro tected  areas th a t may have a param ount ro le fo r 

the  long -term  persistence o f b iod ivers ity , o r (d) design hab ita t co rri­

dors to  fac ilita te  the  m ovem ent o f species be tw een conservation 

areas th a t take in to  account fu tu re  c lim atic  conditions. O u r assess­

m ent h igh lights th a t e ffec tive  in tegration o f clim ate pro jections and 

robust m etrics o f tem poral and geographic patterns o f change can 

make a strong con tribu tio n  tow a rd  ensuring the  effectiveness o f 

conservation plans as clim ate changes.
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