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 Summary 

 Understanding  evolutionary  genomic  and  population  processes  within  a  species  range  is  key  to 
 anticipating  the  extinction  of  plant  species  before  it  is  too  late.  However,  most  models  of 
 biodiversity  risk  projections  under  global  change  do  not  account  for  the  genetic  variation  and 
 local  adaptation  of  different  populations.  Population  diversity  is  critical  to  understanding 
 extinction  because  different  populations  may  be  more  or  less  susceptible  to  global  change  and,  if 
 lost,  would  reduce  the  total  diversity  within  a  species.  Two  new  modeling  frameworks  advance 
 our  understanding  of  extinction  from  a  population  and  evolutionary  angle:  Rapid  climate 
 change-driven  disruptions  in  population  adaptation  are  predicted  from  associations  between 
 genomes  and  local  climates.  Furthermore,  losses  of  population  diversity  from  global  land  use 
 transformations  are  estimated  by  scaling  relationships  of  species'  genomic  diversity  with  habitat 
 area.  Overall,  these  global  eco-evolutionary  methods  advance  the  predictability—and  possibly 
 the preventability—of the ongoing extinction of plant species. 

 Keywords:  extinction,  genetic  diversity,  climate  change,  habitat  loss,  macrogenetics, 
 genomic  offset,  biodiversity,  environmental  niche  models,  mutations-area  relationship, 
 landscape genomics. 
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 I. Introduction 

 Anthropogenic  habitat  loss  and  climate  change  have  increased  the  extinction  rate  of  plant 
 species  by  25-fold  (Humphreys  et  al.  ,  2019)  .  Further,  the  International  Union  for 
 Conservation  of  Nature’s  Red  List  reports  0.3%  of  species  evaluated  are  extinct  (IUCN.org). 
 Though  much  emphasis  on  extinction  research  has  focused  on  the  loss  of  an  entire  species, 
 the  process  of  extinction  starts  within  a  species  distribution,  where  local  abundance  or 
 specific  populations  are  lost  in  local  extinctions.  In  fact,  37%  of  the  plant  species  evaluated 
 by  the  IUCN  (including  a  majority  of  “non-threatened”  species)  suffered  such  a  population 
 decline.  Local  extinction  has  thus  affected  an  order  of  magnitude  more  species  than  full-range 
 species  extinctions,  but  it  has  been  difficult  to  account  for  in  biodiversity  evaluations  as  this 
 requires integration of eco-evolutionary processes across populations. 

 Populations  within  a  species  are  far  from  identical.  Rather,  species  are  composed  of 
 dynamic  ensembles  of  populations  that  are  constantly  mutating  and  evolving,  so  ignoring  this 
 diversity  at  the  population  level  not  only  underestimates  biodiversity  loss  but  could  also 
 silently  accelerate  the  extinction  of  a  species  in  its  full  range.  For  instance,  populations  within 
 a  species  are  generally  adapted  to  a  suite  of  local  environments  across  their  geographic 
 distribution  (Bontrager  et  al.  ,  2021)  ,  and  this  standing  genetic  variation  could  be  critical  to 
 fuel  future  adaptations.  Here  I  review  two  immediate  consequences  of  population  differences 
 for  extinction  (  Fig.  1  )  and  highlight  novel  methods  that  use  population  genomic  datasets  to 
 predict  biodiversity  change:  (i)  because  of  within-species  diversity,  there  must  be  variable 
 evolutionary  responses  to  the  challenge  of  future  climate  change  through  adaptation  or 
 maladaptation—so-called  genomic  offset  (GO)  methods  attempt  to  characterize  local 
 (mal)adaptation  and  project  changes  in  space  and  time  (  Fig.  2  );  (ii)  rapid  local  extinction  due 
 to  climate-  or  land  use-changes  negatively  impact  within-species  variation—at  a  rate  recently 
 described  by  the  mutations-area  relationship  (MAR)  method  (  Fig.  3  ).  To  illustrate  these  new 
 quantitative  frameworks,  I  use  data  from  the  model  plant  species  Arabidopsis  thaliana  while 
 reviewing  evidence  for  other  systems.  Finally,  I  conclude  with  future  directions  on  the 
 potential  to  integrate  new  continental-scale  population  genomic  datasets  of  non-model  plant 
 species  with  global  land  use  and  climate  change  databases  to  track  global  extinctions  at  a 
 population and evolutionary level (  Fig. 4  ). 

 II.  The  (mal)adaptive  evolutionary  genomic  response  of  populations  to  climate 

 change. 
 Early  modeling  of  biodiversity  responses  under  global  change  was  built  on  the  concept  of 
 environmental  niche  models  (ENMs,  also  called  species  distribution  models  or  habitat 
 suitability  range),  which  construct  species  ranges  using  environmental  optima  and  tolerance 
 limits.  ENMs  project  either  expansions  of  geographic  ranges  when  novel  environments  for  a 
 species’  optimal  niche  become  available  or  contractions  in  regions  where  the  environment 
 crosses  the  species’  tolerance  limits.  For  instance,  an  ENM  conducted  on  the  cosmopolitan 
 model  plant  species  Arabidopsis  thaliana  predicts  a  future  shrinkage  in  its  suitable  habitat  of 
 ~30%  from  its  Southern  Eurasian  range  with  an  upwards  latitudinal  shift  (  Fig.  2A-B  );  a 
 commonly  predicted  pattern  of  range  reduction  across  the  world’s  floras  (Thuiller  et  al.  , 
 2005;  Dullinger  et  al.  ,  2012;  Pillet  et  al.  ,  2022;  Jandt  et  al.  ,  2022)  .  Although  these  models  are 
 convenient,  it  is  populations,  not  species,  that  respond  to  climate  change,  and  ENMs  do  not 
 capture the biology of populations well  (A. Lee-Yaw  et al.  , 2021)  . 

 Standing  variation  within  and  between  populations  of  a  species  can  dictate  rapid 
 evolutionary  adaptation—or  maladaptation—to  changing  environments  (Nosil  et  al.  ,  2018; 
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 Rudman  et  al.  ,  2022;  Czech  et  al.  ,  2022)  .  Here,  (mal)adaptation  refers  to  relative  fitness 
 differences  among  genotypes,  which  may  help  explain  absolute  fitness  (total  viable  offspring) 
 and  population  decline  (Brady  et  al.  ,  2019)  .  To  understand  large-scale  patterns  of 
 (mal)adaptation  across  species  and  their  geographic  ranges,  Bontrager  et  al.  (2021) 
 summarized  published  studies  of  130  plant  species  in  which  multiple  populations  were  grown 
 in  common  gardens  at  different  locations  within  their  range.  Apart  from  confirming  the 
 well-known  pattern  that  adaptation  decays  as  populations  are  transplanted  further  from  their 
 environment  of  origin,  this  analysis  supported  two  long-theorized  hypotheses  of  species’ 
 geographic  range  evolution  (Angert  et  al.  ,  2020)  :  on  the  one  hand,  populations  in  the  cold 
 (poleward)  range  edge,  which  were  likely  established  during  post-glacial  expansions,  show 
 signs  of  general  maladaptation  with  a  ~18%  fitness  disadvantage  across  all  gardens  compared 
 to  all  other  populations;  on  the  other  hand,  analyses  revealed  strong  local  adaptation  of  warm 
 (equatorial)  range  edge  populations,  which  had  a  fitness  advantage  of  ~16%  compared  to  all 
 other  populations,  but  only  in  common  gardens  in  extreme  environments.  Similarly,  in 
 large-scale  common  gardens  with  Arabidopsis  thaliana,  populations  displayed  stark  survival 
 differences:  63%  of  over  500  populations  perished  in  a  warm  edge  common  garden,  while  the 
 fitness  of  the  top  lines  surpassed  1200%  of  the  population  fitness  average  (Exposito-Alonso 
 et  al.  ,  2019)  (  Fig.  2C  ).  These  differences  make  populations  dramatically  more  or  less 
 susceptible  to  maladaptation  to  future  environments.  A  parallel  meta-analysis  by  Bontrager  et 
 al.  leveraged  the  fact  that  the  different  collated  common  gardens  were  conducted  in  different 
 years,  from  the  1970s  to  the  2010s.  Combining  metrics  of  local  adaptation  with  climate 
 anomalies  occurring  in  the  years  that  the  common  gardens  were  conducted  showed  that  if 
 temperature  anomalies  that  year  exceeded  2°C,  local  adaptation  was  erased  (Bontrager  et  al.  , 
 2020)  ,  while  in  experiments  without  anomalies,  local  adaptation  provided  an  average  fitness 
 advantage  of  30%.  In  a  world  heading  to  an  average  1.8°C  warming,  we  should  thus  expect 
 pervasive  population  maladaptations.  Harnessing  such  knowledge  will  therefore  be  crucial 
 for accurate biodiversity loss projections  (Urban  et al.  , 2022)  . 

 Although  common  gardens  provide  robust  evidence  of  local  adaptation  within 
 species,  they  are  time-consuming  and  impractical  for  some  species,  such  as  long-lived  trees 
 or  non-native  plants.  Landscape  genomic  approaches  have  thus  emerged  as  scalable  tools  to 
 study  local  adaptation,  where  evidence  of  past  evolutionary  adaptation  can  come  from  overly 
 high  genomic  divergence  among  populations  collected  in  different  climates 
 (genome-environment  association  [GEA],  see  reviews  (Lasky  et  al.  ,  2022)  ).  Even  with  this 
 genetic  evidence  of  local  (mal)adaptation,  it  is  unclear  how  to  include  this  genomic  data  in 
 forecasts  of  species  responses  to  global  change.  To  fill  this  gap,  a  new  family  of 
 environmental  niche  models  called  “genomic  offset”  (GO,  also  called  Genome-Wide 
 Environment  Selection,  Risk  Of  Non-Adaptiveness,  or  hybrid  SDMs,  reviewed  elsewhere 
 (Capblancq  et  al.  ,  2020)  )  aim  to  quantitatively  project  how  rapid  climate  shifts  disrupt 
 genome-environment  relationships  to  create  maladaptation,  potentially  putting  populations 
 with more vulnerable genetic makeups at higher risk of local extinction. 

 To  anticipate  which  populations  may  become  maladapted  and  are  thus  of  conservation 
 concern,  GO  projections  for  several  species  have  been  calculated  for  the  mid-21st  century 
 (Waldvogel  et  al.  ,  2020;  Capblancq  et  al.  ,  2020)  .  However,  these  methods  still  require 
 validation  (Fitzpatrick  et  al.  ,  2018;  Hoffmann  et  al.  ,  2021;  Rellstab  et  al.  ,  2021)  and  a  deeper 
 understanding  is  needed  of  how  well  relative  (mal)adaptation  predicts  populations'  absolute 
 fitness  and  mortality  risk.  This  is  being  addressed  by  combining  common  gardens  with 
 genomics-informed  niche  modeling,  for  instance,  with  A.  thaliana  ,  which  is  also  a  primary 
 model  species  for  genomics  with  1,135  publicly  available  whole-genome  sequences  (1001 
 Genomes  Consortium,  2016)  .  Exposito-Alonso  et  al.  (2019)  investigated  the  genetic  basis  of 
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 local  adaptation  using  genome-wide  associations  with  fitness  of  500  populations  grown  in 
 climatically-contrasting  common  gardens.  Subsequently,  the  study  found  the  genetic  basis  of 
 fitness  was  significantly  predictable  only  from  genome-environment  associations  using  the 
 climate  of  origin  of  the  500  populations  as  proxy  of  local  adaptation.  This  was  then  used  to 
 make  common-garden-calibrated  genomic  offset  (GO)  projections  of  (mal)adaptation  under 
 2050  climates.  To  illustrate  the  signal  of  potential  future  maladaptation  in  A.  thaliana  ,  here  I 
 conducted  a  simplified  GO  projection  using  an  environmental  niche  model  to  geographically 
 map  only  populations  containing  genotypes  with  at  least  one  of  the  significant  alleles 
 identified  to  increase  survival  in  warm  edge  common  gardens,  and  compared  this  map  with 
 the  species-wide  map  (  Fig.  2C  ).  This  showed  that  locally  adapted  genotypes  are  enriched  in 
 the  range  edges  of  the  species  (  Fig.  2C  )  (Exposito-Alonso  et  al.  ,  2018)  .  Projecting  their  niche 
 using  2050  climate  data  from  IPCC  shows  that  these  more  resilient  genotypes  have  an 
 increased  projected  distribution  towards  the  central  latitudes  of  the  species  (  Fig.  2D  ) 
 (Exposito-Alonso  et  al.  ,  2019)  .  The  GO  metric  may  be  interpreted  as  current  populations 
 needing  natural  or  assisted  migration  of  adaptive  genotypes  to  maintain  the  same  level  of 
 fitness  and  local  adaptation  in  the  future  (~75%  of  cells  in  map,  Fig.  2D  )  (Gougherty  et  al.  , 
 2021)  . 

 New  datasets  of  plant  species  are  supporting  GO  predictions.  For  instance,  10 
 common  gardens  of  Panicum  virgatum  across  North  America  showed  that  30%  of  genomic 
 regions  explaining  fitness  variation  were  also  discovered  from  simple  genome-environment 
 associations  (Lovell  et  al.  ,  2021)  ,  and  the  same  was  true  for  ~60%  of  loci  related  to 
 phenotypes  such  as  cold  injury  in  long-term  Pinus  contorta  trials  in  Canada  (Mahony  et  al.  , 
 2020)  .  GO  of  Pennisetum  glaucum  land  races  in  Niger  correlated  40%  with  sied  yield,  and  in 
 the  tree  Populus  balsamifera,  GO  explained  60%  of  the  tree  height  growth  in  US  and  Canada 
 (Fitzpatrick  et  al.  ,  2021)  .  While  these  results  are  encouraging,  it  remains  uncertain  whether 
 relative  (mal)adaptation  projections  from  GO  will  improve  predictions  of  the  vulnerability  of 
 populations  to  extinction.  For  instance,  because  GO  does  not  include  population  dynamics 
 and  evolutionary  forces  acting  in  time,  or  because  maladaptation  is  vastly  more  complex  than 
 just  the  lack  of  local  adaptation,  including  processes  happening  in  small  populations  such  as 
 inbreeding  or  other  frequency-dependent  processes  (Brady  et  al.  ,  2019)  .  Regardless,  GO  is  a 
 first  to  integrate  evolutionary  genomics  and  within-species  variation  into  large-scale  spatial 
 biodiversity projections of species extinction risk. 

 III. The  impact  of global habitat changes on within-species genetic diversity. 
 Global  change  has  not  only  put  evolutionary  pressure  on  maladapted  populations,  but  it  has 
 already  impacted  species  by  reducing  populations  and  geographic  ranges,  often  due  to  direct 
 habitat  extirpation.  Consequently,  the  genetic  diversity  of  such  species  is  eroded,  which 
 further  reduces  the  possibility  of  rescuing  maladapted  populations  from  neighboring 
 populations  with  adaptive  genotypes.  Alarmingly,  there  is  plenty  of  evidence  of  the 
 widespread  decline  in  and  loss  of  populations  (Ceballos  et  al.  ,  2020)  .  Land-use-based  habitat 
 suitability  modeling  of  19400  species  (virtually  all  amphibians,  birds,  and  animals;  no 
 plants),  show  that  land  transformations  alone  in  the  21st  century  may  already  cause 
 geographic range losses of 6.2 to 10.7% per decade  (Powers & Jetz, 2019)  . 

 The  new  field  of  “macrogenetics”  studies  how  this  dramatic  reduction  of  habitat  and 
 populations  has  already  led  to  within-species  genetic  diversity  loss  (Leigh  et  al.  ,  2021)  .  In 
 contrast  to  studies  predicting  (mal)adaptation,  macrogenetic  and  conservation  genetics  studies 
 typically  take  the  agnostic  assumption  that  monitoring  genome-wide  or  neutral  genetic 
 diversity  is  perhaps  the  safest  and  often  the  only  option  to  account  for  future  evolution  in 
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 conservation  (Kardos  et  al.  ,  2021)  .  Surprisingly,  results  from  early  macrogenetics  studies 
 have  been  mixed:  a  study  using  nuclear  microsatellite  where  populations  of  91  animal  species 
 were  sampled  in  at  least  two  time  points  found  a  6%  reduction  in  within-population  diversity 
 (Leigh  et  al.  ,  2019)  ;  while  a  study  of  conserved  mitochondrial  marker  genes  across  a  larger 
 number  of  17082  animal  species  did  not  find  decreased  diversity  with  increasing  land  use 
 change  (Millette  et  al.  ,  2020)  ;  and  yet  another  study  on  two  marker  genes  for  4500  mammals 
 predicts  that  ongoing  and  future  land  use  transformations  to  mid-21st  century  overlap  with 
 currently  high  genetically  diverse  regions  and  thus  large  losses  are  expected  (Theodoridis  et 
 al.  , 2021)  . 

 These  early  macrogenetic  studies  provide  a  new  angle  for  studying  within-species 
 extinction  and  highlight  the  need  for  standardized  genetic  diversity  targets  in  conservation 
 metrics,  including  new  genetic  essential  biodiversity  variables  (Hoban  et  al.  ,  2020)  ,  which 
 must  be  computed  for  entire  ecosystems  and  not  only  for  endangered  species.  However, 
 macrogenetics  also  suffer  from  several  limitations  (Leigh  et  al.  ,  2021)  ,  including  (i)  the  use 
 of  a  single  or  several  genetic  markers  rather  than  whole-genome  variation,  where  genetic 
 markers  can  be  less  sensitive  to  global  change  impacts;  (ii)  no  theoretical  framework  for  how 
 habitat  alterations  relate  to  population  structure  and  local  adaptation;  and  (iii)  “shifting 
 baseline”  syndrome,  which  refers  to  the  underestimation  of  losses  by  studying  current 
 ecosystems that have already been degraded. 

 Exposito-Alonso  et  al.  (2022)  developed  a  macrogenetics  theory  that  predicts  the 
 percentage  of  genome-wide  diversity  loss  (as  allelic  richness  or  mutations  )  for  a  given 
 percentage  of  habitat  area  loss  within  a  species’  geographic  range.  Analogous  to  the 
 well-known  species-area  relationship,  the  number  of  alleles  also  follows  a  power  scaling  law 
 function  coined  the  “mutations-area  relationship”  (MAR)  with  one  parameter,  z  MAR  .  This 
 parameter  quantifies  the  level  of  the  geographic  mixing  of  genetic  diversity,  a  balance  of 
 drift,  migration,  and  local  adaptation  and  differentiation.  Here,  a  species  with  complete 
 population  divergence  and  local  adaptation  and  thus  little  mixing  of  genetic  diversity  is 
 represented  by  z  MAR  =  1,  while  a  species  with  little  differentiation  or  a  high  mixing  of  genetic 
 diversity  is  represented  by  z  MAR  ~  0.  Intuitively,  species  with  strong  local  adaptation  and 
 genetic  differentiation  (high  z  MAR  )  will  lose  a  greater  fraction  of  genetic  diversity  when  a 
 fraction  of  their  geographic  range  is  lost.  Fitting  MAR  to  A.  thaliana  ’s  1001  Genomes 
 sampled  across  Eurasia  shows  this  species'  substantial  spatial  structure  (  z  MAR  =0.3  ).  Simulating 
 the  loss  of  habitats  in  A.  thaliana  by  progressively  removing  populations  from  the  warm  to 
 the  cold  edge  (  Fig.  3A  )  and  quantifying  the  loss  of  genetic  diversity  shows  that  the  MAR  is  a 
 good  predictor  of  the  impact  of  habitat  range  loss  on  within-species  diversity  (  Fig.  3B  ). 
 Because  MAR  accounts  for  spatial  local  adaptation  and  differentiation  processes,  it  makes  a 
 more  accurate  prediction  than  the  naive  application  of  classic  population  genetic  theory  of 
 population  bottlenecks  (  Fig.  3B  ,  gray  line).  Nevertheless,  MAR  predictions  should  be 
 regarded  as  the  minimum  loss  from  an  immediate  habitat  loss,  that  is,  it  does  not  including 
 (mal)adaptation  nor  genetic  drift,  which  could  further  lead  to  genetic  diversity  losses  in  the 
 long term, but incorporating these dynamics in MAR will require further modeling. 

 Using  the  MAR  framework  on  one  of  the  first  macrogenetic  study  that  included  plant 
 species  (De  Kort  et  al.  ,  2021)  ,  Exposito-Alonso  et  al.  (2022)  studied  within-species  trends  of 
 genetic  diversity  by  combining  over  10,000  individuals  with  genome-wide  variation  data  for 
 11  plant  and  9  animal  species  (  Fig.  4C  ).  Expectedly,  the  degree  of  population  structure  and 
 prior  anthropogenic  impacts  affected  genetic  diversity  loss  dynamics.  For  instance,  the 
 perennial  American  grass  Panicum  hallii  has  a  strong  genetic  structure  (  z  MAR  =0.8  ) 
 (Palacio-Mejía  et  al.  ,  2021)  ,  and  while  not  categorized  as  threatened,  it  has  high  exposure  to 
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 recent  transformations  in  the  lower  Great  Plains  of  the  US  and  Northern  Mexico  that  could 
 have  already  caused  substantial  losses.  The  tree  Eucalyptus  melliodora  in  Australia  shows  an 
 intermediate  genetic  structure  (  z  MAR  =  0.4)  (Supple  et  al.  ,  2018)  ,  and  its  category  of 
 “vulnerable”  under  the  Red  List  criteria  A2c  indicates  it  has  lost  at  least  30%  of  its  habitat;  or 
 the  equivalent  of  13%  genetic  diversity  loss  according  to  the  MAR.  The  critically  endangered 
 Pinus  torreyana,  with  only  4,500  mature  individuals  left  in  the  Channel  Islands  near  Los 
 Angeles,  US,  has  very  low  genetic  diversity,  and  consequently  structure  (  z  MAR  ~  0),  reflecting 
 either historically small population sizes or recent dramatic losses  (Di Santo  et al.  , 2022)  . 

 The  importance  of  sustaining  within-species  genetic  diversity  is  now  recognized  in 
 preliminary  post-2020  United  Nations’  Sustainability  Goals,  which  aim  to  “protect  90%  of 
 genetic  diversity  within  all  species”  (CBD,  2021)  .  However,  evaluating  these  targets  using 
 empirical  data  appears  technically  challenging  and  costly  (Thurfjell  et  al.  ,  2022)  .  While  a 
 rough  approximation,  we  can  leverage  the  MAR  to  scale  our  understanding  of  population 
 genetics  to  at  least  make  high-uncertainty  global  average  projections  by  incorporating  global 
 land  use  changes.  For  instance,  since  the  1850s,  45%  of  global  terrestrial  ecosystems  have 
 been  transformed,  as  per  the  Intergovernmental  Science-Policy  Platform  on  Biodiversity  and 
 Ecosystem  Services  (IPBES)  (see  Fig.  4A  primary  forest  loss  from  the  LUH2  database  (Hurtt 
 et  al.  ,  2020)  ).  Assuming  an  average  MAR  with  broad  confidence  intervals,  the  average 
 species  may  thus  have  lost  ~16%  of  within-species  genetic  diversity  (  Fig.  4D  ).  Note  that 
 although  genomic  diversity  is  not  tracked  over  time,  MAR  allows  for  “shifting  back  the 
 baseline”  and  inferring  past  genetic  losses  as  long  as  habitat  changes  are  known  (this 
 approach  could  be  complementary  to  DNA  sequencing  of  historical  specimens  from 
 herbarium,  see  review  (Lang  et  al.  ,  2018)  ).  Moving  forward,  land  use  and  climate  feedbacks 
 need  to  be  combined  to  create  fine-grained  maps  of  within-species  genetic  diversity  loss 
 across  the  world.  In  addition,  theoretical  developments  of  MAR  are  required  to  also 
 incorporate  feedbacks  from  local  (mal)adaptation,  which  could  accelerate  the  within-species 
 diversity loss and extinction risk (  Fig.  4D, Fig. 2-3  ). 

 IV. Open questions and conclusions 
 Plant  species  extinctions  are  rising  under  global  change,  but  it  is  populations  that  are 
 impacted  and  that  need  to  respond.  Recent  genomic  technologies  have  provided  invaluable 
 insights  into  the  local  adaptation  of  populations,  with  rich  spatial  coverage  at  continental 
 scales,  and  have  enabled  the  integration  of  evolutionary  processes  into  global  biodiversity 
 modeling.  Genomics-informed  environmental  niche  modeling  within  species,  such  as 
 genomic  offset,  now  allows  predictions  of  plant  population  mal-adaptation  responses  to 
 climate  change  via  local  adaptation  disruptions,  and  the  mutations-area  relationship  can  now 
 better  track  how  many  genetically  unique  populations  may  be  lost  due  to  habitat  changes  at 
 global  scales.  Model  plant  species,  where  genetic  variation  can  be  directly  associated  with 
 fitness  in  common  garden  experiments,  will  be  critical  to  understanding  the  quantitative 
 feedback  between  loss  of  genetic  diversity  and  (mal)adaptation.  With  continued  habitat 
 destruction  and  accelerating  climate  change,  these  frameworks  have  the  potential  to  create 
 projections  and  hypotheses  on  the  silent  extinction  of  within-species  diversity  and  erosion  of 
 evolutionary potential. 
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 Fig. 1 | The eco-evolutionary bridges of species local extinctions in the Anthropocene. 
 Global ecology modeling attempts to understand anthropogenic impacts on ecosystems and 
 species extinction without accounting for evolution (left). Evolutionary genetics models 
 explain how different genotypes (e.g. with a C/G single nucleotide polymorphism) may be 
 better fit to different environments (right). Bridging these two fields, new connections and 
 feedback between ecology and evolutionary models can help explain extinction within a 
 species in the face of global change (center). 
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 Fig.  2  |  Integrating  (mal)adaptive  evolutionary  genomic  responses  to  climate  change  in 
 species-focused niche models 
 (  A  ) Example Environmental Niche Model (ENM) of  Arabidopsis  thaliana  using MaxEnt algorithm and 
 bioclimate variables from WorldClim.org. (  B  ) ENM projection  into future 2050 climates, “business-as-usual” 
 socio-economic pathway (SPP5), and high CO  2  representative  concentration pathway (8.5) using Max Planck 
 Institute’s Global Circulation Model predictions (CMIP5-MPI). (  C  ) To showcase the deviation in the geographic 
 distribution of the high-survival genotypes, an ENM was fitted as in (A) to predict habitat suitability only of 
 populations with at least one top allele associated with high survival in a genome-wide association in a common 
 garden in Madrid, Spain (location marked with green arrow) (Exposito-Alonso et al. 2019). Green indicates 
 regions with increased habitat suitability of these locally adapted genotypes compared to the species-wide ENM 
 in (A). (  D  ) To conceptually showcase genomic offset  (GO) projections, the genomics-informed ENM of locally 
 adapted genotypes was projected to 2050. Brown color indicates regions projected to have higher suitability of 
 the locally adapted genotypes than at present, indicating populations in these locations may need these 
 genotypes to maintain the same level of local adaptation. (Source of  A. thaliana  ENM and code: 
 github.com/moisesexpositoalonso/arabidopsisrange). 
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 Fig.  3  |  Using  the  mutations-area  relationship  (MAR)  to  quantify  the  loss  of  genomic  diversity  with 
 population extirpation 
 (A)  A simulation of removal of  A. thaliana  populations  in silico from south to north and (  B  ) the consequence  of 
 loss of area on species-wide genomic diversity in the same simulation. The theoretical MAR (dashed lines) is 
 predictive of the genetic diversity loss dynamics compared to classic population genetic expectations of 
 individual bottleneck reductions. 
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 Fig.  4  |  Datasets  of  global  land  use,  climate  change,  and  plant  population  genomics  and  new 
 frameworks  to  understand  the  within-species  erosion  of  genetic  variation  and  evolutionary  potential 
 leading to extinctions 
 (  A  ) Primary forest transformation  since 1850 from the Land Use Harmonization (LUH2). (  B  ) Future  changes in 
 average annual temperature from IPCC (CMIP5, retrieved from worldclim.org). (  C  ) Plant population genomic 
 datasets from 13 plant species (11 analyzed in Exposito-Alonso et al. 2022). (  D  ) Temporal trends of land use 
 (LUH2) and CO  2  emissions (CO  2  , icos-cp.eu) since 1850  and their predictions to 2050 under a 
 business-as-usual socio-economic scenario (SSP1-5, RCP8.5). Overlaid, a MAR-based projection on how 
 within-species variation may have been eroded and future hypothetical projections under various future 
 environmental change scenarios and eco-evolutionary feedbacks of (mal)adaptation and extinction. 
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