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"At	
  this	
  point	
  I	
  wish	
  to	
  emphasize	
  what	
  I	
  believe	
  will	
  
ul5mately	
  prove	
  to	
  be	
  the	
  greatest	
  value	
  of	
  our	
  museum.	
  
This	
  value	
  will	
  not,	
  however,	
  be	
  realized	
  un5l	
  the	
  lapse	
  of	
  

many	
  years,	
  possibly	
  a	
  century,	
  assuming	
  that	
  our	
  
material	
  is	
  safely	
  preserved.	
  And	
  this	
  is	
  that	
  the	
  student	
  
of	
  the	
  future	
  will	
  have	
  access	
  to	
  the	
  original	
  record	
  of	
  

faunal	
  condi5ons	
  in	
  California	
  and	
  the	
  west,	
  wherever	
  we	
  
now	
  work."	
  	
  

Joseph	
  Grinnell,	
  1910	
  	
  
"The	
  Uses	
  and	
  Methods	
  of	
  a	
  Research	
  Museum"	
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Temporal	
  scales	
  of	
  	
  
biological	
  responses	
  to	
  climate	
  change	
  

Millien	
  et	
  al.	
  2006.	
  Ecol	
  LeIers	
  



PopulaJon/Species	
  Specific	
  Response	
  
to	
  Climate	
  Change	
  

•  Move	
  
•  Adapt-­‐-­‐Adjust	
  (fitness-­‐related	
  traits)	
  	
  
•  ExJrpaJon/ExJncJon	
  



Move	
  
•  With	
  warming	
  condiJons	
  individuals	
  

– Move	
  up	
  in	
  elevaJon—(Grinnell	
  Project)	
  
– Move	
  to	
  higher	
  laJtudes	
  (musk-­‐ox	
  parasite)	
  
–  Explore	
  Velocity	
  of	
  Change	
  	
  
	
  
To	
  assess	
  these	
  responses.	
  

	
  Need	
  to	
  know:	
  	
  
–  species	
  distribuJon*	
  	
  
–  niche	
  envelop*	
  
–  life	
  history*	
  
–  vagility/dispersal	
  

•  Assisted	
  colonizaJon	
  (what	
  source?*)	
  

*museum	
  data/specimens	
  



Hope	
  et	
  al	
  2013	
  
Nature	
  Climate	
  Change	
  



PopulaJon/Species	
  Specific	
  Response	
  
to	
  Climate	
  Change	
  

•  Move	
  
•  Adjust	
  (fitness-­‐related	
  traits)	
  	
  

– behavioral	
  plasJcity,	
  
– physiological	
  plasJcity	
  
– Adapt	
  



Adapt	
  
•  Body	
  size	
  change	
  –shrews,	
  marten,	
  pack	
  rats	
  

	
  
	
  

Smith	
  et	
  al	
  1996.	
  Science.	
  



Body	
  mass	
  and	
  body	
  length	
  variaJon	
  	
  
over	
  Jme	
  in	
  woodrat	
  species	
  

Millien	
  et	
  al	
  2006.	
  
Ecol.	
  LeIers	
  

Years	
  

Decades	
  

Millenia	
  



Body	
  size	
  changes	
  of	
  pack	
  rats	
  at	
  
Fishmouth	
  Cave,	
  Utah	
  

Smith	
  et	
  al	
  1996.	
  Science.	
  



Body	
  Size	
  Changes	
  

•  Body	
  size	
  affects	
  thermoregulaJon	
  and	
  
energeJcs—volume	
  to	
  surface	
  area	
  

•  Bergmann's	
  rule	
  –	
  (ecogeographic	
  principle)	
  
within	
  a	
  broadly	
  distributed	
  clade,	
  larger-­‐sized	
  
populaJons	
  and	
  species	
  in	
  colder	
  
environments,	
  and	
  species	
  of	
  smaller	
  size	
  are	
  
found	
  in	
  warmer	
  regions	
  



Body	
  Size	
  Changes	
  
Bergmann's	
  rule	
  –	
  (ecogeographic	
  principle)	
  
within	
  a	
  broadly	
  distributed	
  clade,	
  larger-­‐sized	
  
populaJons	
  and	
  species	
  in	
  colder	
  environments,	
  
and	
  species	
  of	
  smaller	
  size	
  are	
  found	
  in	
  warmer	
  
regions	
  



•  Radiate	
  less	
  body	
  heat	
  per	
  unit	
  of	
  mass	
  	
  
– Warmer	
  climates:	
  body	
  heat	
  generated	
  by	
  
metabolism	
  needs	
  to	
  be	
  dissipated.	
  

– Colder	
  climates:	
  need	
  to	
  retain	
  body	
  heat	
  	
  

•  inherent	
  lack	
  of	
  precision	
  in	
  quanJfying	
  
responses	
  to	
  climate	
  change	
  



Extent	
  of	
  Bergmann’s	
  rule	
  among	
  
vertebrates	
  

Millien	
  et	
  al	
  2006.	
  
Ecol	
  LeIers	
  



Processes	
  of	
  climate	
  change	
  	
  
effects	
  on	
  organism	
  size	
  	
  

Sheridan	
  &	
  Bickford	
  2011	
  
Nature	
  Climate	
  Change	
  



Each	
  degree	
  of	
  warming	
  	
  
	
  

decrease	
  body	
  size	
  by:	
  
	
  
•  0.5–4%	
  in	
  marine	
  invertebrates	
  	
  
•  6–22%	
  in	
  fish	
  	
  
•  1–3%	
  in	
  beetles	
  	
  
•  14%	
  in	
  salamanders	
  	
  

Sheridan	
  &	
  Bickford	
  2011	
  
Nature	
  Climate	
  Change	
  



PopulaJon/Species	
  Specific	
  Response	
  
to	
  Climate	
  Change	
  

•  Move	
  
•  Adjust	
  (fitness-­‐related	
  traits)	
  	
  

– Shorter	
  term	
  
•  behavioral	
  plasJcity,	
  
•  physiological	
  plasJcity	
  

– Longer	
  term	
  AdaptaJons	
  

•  ExJrpaJon/ExJncJon	
  



Adjustment	
  

•  Life	
  History	
  Changes	
  
– Jming	
  of	
  reproducJon	
  (specimen	
  databases),	
  	
  
– offspring	
  number	
  and	
  size	
  (specimen	
  databases),	
  	
  
– number	
  of	
  life	
  cycles	
  (northern	
  parasites),	
  
– changes	
  in	
  prey	
  or	
  trophic	
  level	
  	
  
	
  



Regime	
  Shils	
  



North	
  Pacific	
  Regime	
  Shil	
  

•  It’s	
  complicated	
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North	
  Pacific	
  Regime	
  Shil—Biological	
  and	
  Physical	
  Changes	
  

Impact	
  on	
  Biota?	
  
Hare	
  &	
  Mantua	
  2000	
  
Progress	
  in	
  Oceanography	
  



North	
  Pacific	
  Regime	
  Shil	
  

•  Shell,	
  Hirons	
  (isotopes	
  of	
  marine	
  mammals)	
  
– Specimens	
  from	
  1947	
  to	
  2000	
  

•  Baleen	
  of	
  bowhead	
  whales	
  
•  Muscle,	
  whiskers	
  of	
  seals,	
  sea	
  lions	
  

	
  
BoIom	
  up?—oceanographic	
  change	
  (climate)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  or	
  
Top	
  down?-­‐-­‐-­‐over	
  fishing,	
  predaJon,	
  other	
  	
  



Stable	
  isotopes	
  from	
  baleen	
  of	
  bowheads	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Seasonal	
  producJvity	
  higher	
  1947-­‐1976	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Drop	
  in	
  seasonal	
  carbon	
  fixaJon	
  (30-­‐40%)	
  

Schell	
  2000.	
  Limnology	
  and	
  Oceanography	
  



No	
  significant	
  change	
  in	
  bone	
  δ15N	
  in	
  North	
  Pacific,	
  but	
  decrease	
  
in	
  δ13C	
  	
  suggests	
  decline	
  in	
  primary	
  producJon	
  (phytoplankton	
  
growth	
  rate)	
  at	
  base	
  of	
  the	
  foodweb,	
  rather	
  than	
  a	
  trophic	
  level	
  
change	
  due	
  to	
  prey	
  switching.	
  	
  
	
  
	
  

Hirons	
  et	
  al	
  200.	
  Oecologia	
  



SequenLal	
  megafaunal	
  collapse	
  in	
  the	
  North	
  Pacific	
  Ocean:	
  
An	
  ongoing	
  legacy	
  of	
  industrial	
  whaling?	
  

Springer	
  et	
  al	
  2004	
  PNAS	
  



Biomass	
  Changes	
  aler	
  Industrial	
  Whaling	
  
Springer	
  et	
  al	
  2004	
  PNAS	
  

Killer	
  whales	
  



•  Sea	
  oIer	
  story	
  



From	
  oceans	
  to	
  the	
  Southwest	
  



	
  
Original	
  Grinnell	
  Survey	
  1914-­‐1920	
  
2	
  PublicaJons—	
  
And	
  specimens	
  endure	
  
	
  

Museum	
  of	
  Vertebrate	
  Zoology—Grinnell	
  Project	
  

‘How	
  can	
  we	
  use	
  historical	
  data	
  to	
  inform	
  us	
  
about	
  species	
  response	
  to	
  climate	
  change?	
  

Grinnell	
  Resurvey	
  	
  2003-­‐2006	
  
11	
  publicaJons	
  
And	
  specimens	
  endure	
  
	
  



Museum	
  of	
  Vertebrate	
  Zoology	
  
Yosemite	
  Field	
  ExpediJons	
  
1914-­‐1920	
  



Grinnell	
  Resurvey	
  	
  
2003-­‐2006	
  



Moritz	
  et	
  al.,	
  2009.	
  Science	
  



~500	
  meters	
  on	
  average	
  upward	
  changes	
  in	
  elevaJonal	
  limits	
  for	
  
half	
  of	
  28	
  species	
  monitored,	
  consistent	
  with	
  ~3°C	
  increase	
  in	
  
minimum	
  temperatures.	
  
	
  

Significant	
  ContracJon	
  

Significant	
  Expansion	
  

No	
  Change”	
  if	
  range	
  shils	
  
were	
  biologically	
  trivial	
  (<10%	
  of	
  
previous	
  elevaJon	
  range)	
  or	
  of	
  small	
  
magnitude	
  (<100	
  m).	
  

Moritz	
  et	
  al.,	
  2009.	
  Science	
  



Changes	
  in	
  elevaJon-­‐range	
  
limits	
  for	
  species	
  	
  

Comparison	
  of	
  changes	
  in	
  elevaJon-­‐range	
  
limits	
  for	
  species	
  that	
  formerly	
  had	
  
low-­‐	
  to	
  mid-­‐elevaJon	
  versus	
  mid-­‐	
  to	
  
high-­‐elevaJon	
  ranges	
  (Table	
  1)	
  across	
  
the	
  transect.	
  	
  

Moritz	
  et	
  al.,	
  2009.	
  Science	
  



Community	
  richness	
  across	
  life	
  zones	
  

Mean	
  (T	
  SE)	
  esJmates	
  of	
  
species	
  richness	
  by	
  era	
  (bars:	
  H,	
  historic;	
  
P,	
  present;	
  see	
  also	
  table	
  S4	
  and	
  fig.	
  S4)	
  
and	
  community	
  similarity	
  (points)	
  for	
  individual	
  
life	
  zones,	
  Yosemite	
  NaJonal	
  Park,	
  
and	
  the	
  enJre	
  transect.	
   Moritz	
  et	
  al.,	
  2009.	
  Science	
  



What	
  more	
  could	
  be	
  studied	
  on	
  these	
  
transects?	
  

•  The	
  next	
  steps……	
  



Adapt	
  
•  Molecular	
  physiology	
  

– Transcriptome	
  work	
  on	
  rodents	
  across	
  Patagonia	
  

	
  
•  Diet—shil	
  in	
  stable	
  isotopes	
  

–  (Schell	
  and	
  Irons	
  marine	
  mammals)	
  

	
  
•  Plants?	
  	
  

	
  
	
  
	
  



Adapt:	
  Plants	
  
Impact	
  of	
  Atmospheric	
  CO2	
  and	
  

Temperature	
  Change	
  on	
  Stomatal	
  Density	
  



Changes	
  in	
  Stomatal	
  Density	
  	
  
in	
  Leaves	
  of	
  Herbarium	
  Oak	
  Specimens	
  
•  Beerling	
  and	
  Chalander	
  1992.	
  Annals	
  of	
  Botany	
  



Adapt	
  
•  Phenology—reproducJon,	
  migraJon,	
  
hibernaJon/torpor,	
  pollinaJon,	
  body	
  
condiJon,	
  flowering	
  Jme	
  
– Plants,	
  birds,	
  insects,	
  mammals	
  
	
  
	
  

Calinger	
  et	
  al	
  2013.	
  
Ecol.	
  LeIers	
  

Phenological	
  responsiveness	
  
to	
  rising	
  temperature	
  
among	
  spring	
  
flowering	
  species.	
  
(Topmost	
  in	
  each	
  panel	
  is	
  
reference	
  and	
  a	
  posiJve	
  
shil	
  represents	
  earlier	
  
flowering	
  with	
  warming)	
  
N=5053	
  specimens	
  



Adapt	
  
Examples	
  
•  Body	
  size	
  change	
  –shrews,	
  marten,	
  pack	
  rats	
  
•  Life	
  History—reproducJon,	
  offspring	
  number	
  and	
  size,	
  
number	
  of	
  life	
  cycles	
  (parasites)	
  

•  Physiology-­‐	
  
•  Diet	
  shils—stable	
  isotopes	
  
•  Molecular	
  physiology	
  
•  PhylogeneJcs	
  and	
  Phylogeography	
  
•  Phenology—reproducJon,	
  migraJon,	
  hibernaJon/
torpor,	
  pollinaJon,	
  body	
  condiJon,	
  flowering	
  Jme	
  
–  Plants,	
  birds,	
  insects,	
  mammals	
  
	
  
	
  



Museum	
  specimens	
  
•  Museum	
  collecJons	
  show	
  color	
  morph	
  
frequencies	
  in	
  owls	
  changed	
  responding	
  to	
  
climate	
  change.	
  
–  Galeo|,	
  P.	
  et	
  al.	
  (2009)	
  Global	
  changes	
  and	
  animal	
  phenotypic	
  

responses:	
  melanin-­‐based	
  plumage	
  redness	
  of	
  scops	
  owls	
  increased	
  
with	
  temperature	
  and	
  rainfall	
  during	
  the	
  last	
  century.	
  Biol.	
  LeI.	
  5,	
  
532–534	
  

•  Feathers	
  (sample)	
  combined	
  with	
  analyJcal	
  
advances	
  [41–46]	
  now	
  examine	
  nutriJon,	
  stress,	
  
diet	
  and	
  size.	
  Sampling	
  mulJple	
  individuals	
  across	
  
sites	
  and	
  over	
  Jme	
  would	
  enable	
  examinaJon	
  of	
  
stressors	
  singly	
  and	
  in	
  combinaJon.	
  



•  Habitat conversion  
•  Pollutants 
•  Emerging pathogens   
•  Introduction of exotics 
•  Loss of biotic diversity 
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Response	
  to	
  heat	
  waves	
  

•  Mass	
  die-­‐offs	
  of	
  endotherms	
   	
  	
  
–  McKechnie,	
  A.E.	
  and	
  Wolf,	
  B.O.	
  (2010)	
  Climate	
  change	
  increases	
  the	
  likelihood	
  

of	
  catastrophic	
  avian	
  mortality	
  events	
  during	
  extreme	
  heat	
  waves.	
  Biol.	
  LeI.	
  6,	
  
253–256	
  

–  Welbergen,	
  J.A.	
  et	
  al.	
  (2008)	
  Climate	
  change	
  and	
  the	
  effects	
  of	
  temperature	
  
extremes	
  on	
  Australian	
  flying	
  foxes.	
  Proc.	
  R.	
  Soc.	
  Lond.	
  B	
  275,	
  419–425	
  

•  	
  and	
  ectotherms	
  
–  Cerrano,	
  C.	
  et	
  al.	
  (2000)	
  A	
  catastrophic	
  mass-­‐mortality	
  episode	
  of	
  gorgonians	
  

and	
  other	
  organisms	
  in	
  the	
  Ligurian	
  Sea	
  (North	
  western	
  Mediterranean),	
  
summer	
  1999.	
  Ecol.	
  LeI.	
  3,	
  284–293	
  

SuscepJbility	
  to	
  ExJrpaJon	
  



PotenJal	
  	
  	
  
DistribuJons	
  	
  

	
  

Hope	
  et	
  al	
  2013	
  
Nature	
  Climate	
  Change	
  

barren-­‐ground	
  shrew	
  (blue)	
  	
  
masked	
  shrew	
  (light	
  green)	
  
both	
  species	
  (dark	
  green)	
  



Community	
  Level	
  Response	
  to	
  
Environmental	
  Change	
  

•  Change	
  in	
  CompeJJve,	
  MutualisJc	
  or	
  ParasiJc	
  
InteracJons	
  	
  



Probable	
  origin	
  and	
  migratory	
  routes	
  of	
  
rodent-­‐borne	
  hantavirus	
  

Souza	
  et	
  al.	
  2013.	
  InfecJon,	
  GeneJcs,	
  &	
  Evol	
  



Community	
  Level	
  Response	
  to	
  
Environmental	
  Change	
  

•  Change	
  in	
  CompeJJve,	
  MutualisJc	
  or	
  ParasiJc	
  
InteracJons	
  

•  Invasive	
  Species	
  



Community	
  Level	
  Response	
  to	
  
Environmental	
  Change	
  

•  Change	
  CompeJJve,	
  MutualisJc	
  or	
  ParasiJc	
  
InteracJons	
  

•  Invasive	
  Species	
  
•  Changes	
  in	
  Community	
  ComposiJon	
  

– How	
  is	
  this	
  idenJfied	
  or	
  monitored?	
  



LimitaJons	
  of	
  Museum	
  Specimens	
  
and	
  Challenges	
  for	
  Museums	
  

•  Deep	
  and	
  Wide	
  
•  Tracking	
  InvesJgaJons	
  
•  Increasing	
  Precision	
  
•  Finite	
  Resource	
  
•  Standardize	
  Field	
  Methods	
  
•  Integrated	
  CollecJons	
  



Challenges	
  for	
  Museums-­‐	
  1	
  
•  ConJnue	
  to	
  Build	
  the	
  Resource	
  

– Well	
  distributed	
  over	
  Jme	
  and	
  space	
  
–  Large	
  sample	
  sizes	
  
– Archive	
  new	
  data	
  (habitat,	
  methods,	
  etc	
  
– Archive	
  mulJple	
  data	
  sets	
  

•  standard	
  specimens	
  
•  various	
  Jssue	
  types	
  
•  Parasites	
  

•  Protocols	
  for	
  making	
  material	
  available	
  
•  Network	
  for	
  connecJng	
  scienJsts	
  (and	
  the	
  
general	
  public)	
  



Specimens of Clethrionomys 
 per USGS Quad (15,000 km2) 



Alces	
  and	
  Rangifer	
  combined	
  



All	
  Mammals,	
  one	
  year	
  (1997)	
  



Challenges	
  for	
  Museums-­‐	
  2	
  
• Facilitate use for wide array of users  
• Promote creativity, new uses and 

new ideas 
• Train future generations of 

environmental scientists to explore 
and solve big questions 

• Continue to build the resource 





IntegraJon	
  Across	
  Approaches	
  

•  Niches	
  +	
  GeneJcs	
  +	
  AdapJon	
  +	
  

•  Each	
  specimen	
  makes	
  the	
  connecJons-­‐	
  
– Same	
  individual	
  
– MulJple	
  approaches	
  



Museum	
  Specimens	
  -­‐	
  Historic	
  CondiLons	
  
•  Parasite	
  and	
  disease	
  screening	
  

–  Emergent	
  diseases	
  
–  Historical/baseline	
  infecLon	
  rates	
  
–  IdenLfying	
  new	
  hosts	
  or	
  pathogens	
  

•  Stable-­‐isotope	
  raLos	
  and	
  ecology	
  
–  predator/prey	
  
–  seasonal	
  diet	
  shi\s	
  (whiskers,	
  baleen)	
  
–  primary	
  producLvity	
  

•  Toxins	
  	
  
–  mercury,	
  POPS	
  (marine	
  mammals)	
  

•  Analyses	
  of	
  geneLc	
  relaLonships	
  
–  among	
  individuals,	
  populaLons,	
  species	
  

	
  



Historical	
  sampling	
  localiJes	
  (1915)	
  are	
  shown	
  in	
  blue	
  circles	
  and	
  modern	
  (2004–2008)	
  in	
  red.	
  

Bi	
  et	
  al	
  2013.	
  Molecular	
  Ecology	
  



Bi	
  et	
  al	
  2013.	
  Molecular	
  Ecology	
  

DistribuLon	
  of	
  genome	
  wide	
  per	
  site	
  average	
  pairwise	
  nucleoLde	
  diversity	
  (π)	
  and	
  Waaerson's	
  theta	
  (Θw)	
  
for	
  historic	
  and	
  modern	
  Tamias	
  alpinus	
  populaLons.	
  Histograms	
  showing	
  the	
  frequencies	
  of	
  the	
  log-­‐
transformed	
  per	
  site	
  values	
  of	
  Θw	
  (top)	
  and	
  π	
  (boIom)	
  calculated	
  using	
  allele	
  frequencies	
  weighted	
  by	
  their	
  
posterior	
  probabiliJes	
  The	
  historic	
  populaJon	
  is	
  depicted	
  in	
  lavender	
  and	
  the	
  modern	
  populaJon	
  is	
  in	
  light	
  pink	
  
as	
  shown	
  in	
  the	
  legend.	
  


