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Ex.	  
-‐	  global	  warming	  
-‐	  habitat	  loss	  
-‐	  hun6ng	  
-‐	  increased	  UV-‐radia6on	  
-‐	  overexploita6on	  
-‐	  pollu6on	  
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Amphibians	  =	  41%	  

Corals	  =	  33%	  

Cycads	  =	  63%	  
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ü  Mass	  ex1nc1ons	  =	  
6mes	  when	  the	  Earth	  
loses	  75%	  of	  its	  species	  
in	  geologically	  short	  
interval	  	  

Barnosky	  et	  al.	  2011	  –	  Nature	  
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Time	  (millions	  of	  years	  ago)	  
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ü  Occurred	  only	  5	  1mes	  in	  
the	  past	  542 million	  years	  
(‘Big	  Five’)	  

	  
Ex.	  
Most	  dras6c	  event	  was	  252	  
Ma	  (end-‐Permian)	  with	  
80-‐96%	  species	  loss	  

Raup	  &	  Sepkoski	  1982	  –	  Science	  
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	  	   ü  Current	  ex6nc6on	  

rates	  are	  higher	  than	  
in	  the	  fossil	  record	  

	  
ü  Species	  go	  ex6nct	  

1000	  1mes	  faster	  
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Alroy	  2010	  –	  Science	  

ü  Historically	  done	  with	  
the	  marine	  fossil	  
record	  

	  
ü  Direct	  evidence	  of	  

diversity	  dynamics	  
through	  6me	  
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Condamine	  et	  al.	  
2013	  –	  Ecol.	  LeEers	  

ü  Origina6ons	  but	  also	  
ex1nc1ons	  are	  part	  
of	  the	  history	  of	  life	  
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Condamine	  et	  al.	  
2013	  –	  Ecol.	  LeEers	  

ü  To	  beher:	  

Understand	  causes	  
of	  ex1nc1on	  due	  
to	  clima1c	  changes	  
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Condamine	  et	  al.	  
2013	  –	  Ecol.	  LeEers	  

ü  To	  beher:	  

Understand	  causes	  
of	  ex1nc1on	  due	  
to	  geological	  
changes	  
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Shanan	  Peters	  

Peters	  2005	  –	  PNAS	  
Peters	  2008	  –	  Nature	  
Peters	  et	  al.	  2013	  –	  Nature	  

Benton	  1995	  –	  Science	  
Benton	  2009	  –	  Science	  
Chen	  &	  Benton	  2012	  –	  Nature	  Geosci.	  

Michael	  Benton	  
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Many	  groups	  lack	  a	  suitable	  fossil	  record	  
	  

	   	  e.g.,	  insects,	  plants,	  birds…	  

Fossil	  record	  is:	  
-‐  Biased	  
-‐  Incomplete	  
-‐  Uneven	  

We	  need	  more	  data	  to	  beher	  understand	  
diversity	  dynamics	  in	  rela6on	  with	  

environmental	  changes	  
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Using	  rela6onships	  between	  extant	  species	  and	  their	  divergence	  6mes	  
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Reznick	  &	  Ricklefs	  2009	  –	  Nature	  

Phylogenies	  can	  be	  converted	  into	  lineages-‐through-‐1me	  (LTT)	  plot	  
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1	  –	  Mass	  ex6nc6ons	  and	  recovery	  in	  rela6on	  to	  environmental	  change	  
	  
	  
	  
2	  –	  Background	  specia6on	  and	  ex6nc6on	  in	  rela6on	  to	  environmental	  change	  
	  
	  
	  
3	  –	  Vulnerability	  and	  evolu6onary	  poten6al	  
	  
	  
	  
4	  –	  Limita6ons	  and	  Perspec6ves	  
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1.  Useful	  to	  es6mate	  when	  mass	  ex6nc6ons	  occurred	  

2.  Useful	  to	  es6mate	  how	  many	  species	  were	  lost	  (ex6nc6on	  intensity)	  

3.  Useful	  to	  es6mate	  which	  clades	  were	  impacted	  and	  what	  traits	  were	  
associated	  with	  ex6nc6on	  (ex6nc6on	  selec6vity)	  

4.  Useful	  to	  es6mate	  at	  which	  level	  of	  ex6nc6on	  biodiversity	  was	  able	  to	  
recover	  

	  
	  

Four	  main	  reasons:	  

To	  find	  the	  causes	  of	  mass	  ex6nc6ons	  



Introduc6on	   Background	  specia6on	  
&	  ex6nc6on	  

Vulnerability	  &	  
evolu6onary	  poten6al	  

Limita6ons	  &	  
Perspec6ves	  

Mass	  ex1nc1ons	  &	  
recovery	  

-‐	  443	  Ma	  with	  86%	  species	  loss	  
	  
-‐	  359	  Ma	  with	  75%	  species	  loss	  
	  
-‐	  252	  Ma	  with	  95%	  species	  loss	  
	  
-‐	  201	  Ma	  with	  80%	  species	  loss	  
	  
-‐	  66	  Ma	  with	  76%	  species	  loss	  

Paleontologists	  ideni6fied	  five	  mass	  ex6nc6ons:	  

Time	  (millions	  of	  years	  ago)	  
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Paleontologists	  can	  study	  the	  causes	  of	  mass	  ex6nc6ons	  

Chen	  &	  Benton	  2012	  –	  Nature	  Geosci.	  

Volcanism?	  

Climate?	  

Impacts?	  



Introduc6on	   Background	  specia6on	  
&	  ex6nc6on	  

Vulnerability	  &	  
evolu6onary	  poten6al	  

Limita6ons	  &	  
Perspec6ves	  

Mass	  ex1nc1ons	  &	  
recovery	  

Harvey	  et	  al.	  1994	  –	  EvoluPon	  

Theore6cally	  possible	  to	  detect	  mass	  ex6nc6on	  in	  phylogenies	  

ü  Birth-‐death	  model	  can	  model	  
the	  process	  of	  tree	  growth	  

ü  Adding	  a	  punctual	  event	  that	  
remove	  a	  part	  of	  the	  species	  
give	  a	  LTT	  interrupted	  by	  a	  
plateau	  
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Few	  studies	  tested	  whether	  mass	  ex6nc6on	  can	  be	  found	  in	  phylogenies	  

Cook	  &	  Crisp	  2009	  –	  EvoluPon	  
Antonelli	  &	  SanmarQn	  2011	  –	  Syst.	  Biol.	  
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New	  methods	  (TreePar)	  have	  been	  developped	  to	  address	  this	  issue	  

Stadler	  2011	  –	  Syst.	  Biol.	  

Episodic	  birth-‐death	  process	  
Mass	  ex6nc6on	  is	  punctual	  



Case	  study:	  the	  Cycads,	  an	  ancient	  group	  of	  seed	  plants	  

300	  palm-‐like	  species,	  distributed	  in	  all	  tropical	  regions	  

Appeared	  ca.	  270	  Ma,	  survived	  to	  three	  mass	  ex6nc6ons	  

Cycad’s	  distribu6on	  

Triassic	  cycad	  EW:	  Encephalartos	  woodii	  
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63%	  of	  threatened	  species	  (IUCN’s	  Red	  List)	  

Nagalingum	  et	  al.	  2011	  –	  Science	  



Using	  the	  method	  TreePar	  

First	  ME	  is	  congruent	  with	  a	  
known	  ME	  in	  the	  fossil	  record	  at	  
205	  Ma	  (Triassic-‐Jurassic)	  
	  
Second	  is	  a	  lesser	  ec6nc6on	  event	  
known	  from	  the	  fossil	  record	  at	  
135	  Ma	  (Jurassic-‐Cretaceous)	  
	  
Third	  is	  in	  the	  Cenozoic	  at	  58	  Ma	  
and	  congruent	  with	  a	  global	  
warming	  of	  climate	  
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Specia6on	  model	  with	  mass	  ex6nc6on	  and	  model	  with	  a	  stasis	  phase	  =	  same	  LTT	  plots	  

Ra
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Time	  

specia6on	  rate,	  λ	  

Sampling	  event	  	  
(f,	  %	  of	  species	  surviving)	  

ex6nc6on	  rate,	  μ	   ü  Mass	  ex1nc1on	  modelled	  as	  
an	  instantaneous	  event	  

ü  Classic	  rate	  shiWs	  are	  
instantaneous	  too	  

ü  Hard	  to	  dis1nguish	  between	  
the	  two	  scenarios	  

ü  Same	  rates	  before	  and	  aWer	  
the	  event	  

Stadler	  2011	  –	  Syst.	  Biol.	  



Ra
te
s	  

Time	  

Ex6nc6on	  dura6on	  

Ex6nc6on	  intensity	  

End	  Beginning	  

specia6on	  rate,	  λ	   ex6nc6on	  rate,	  μ	  

Introduc6on	   Background	  specia6on	  
&	  ex6nc6on	  

Vulnerability	  &	  
evolu6onary	  poten6al	  

Limita6ons	  &	  
Perspec6ves	  

Mass	  ex1nc1ons	  &	  
recovery	  

Mass	  ex6nc6ons	  have	  not	  necessary	  a	  short	  6me	  dura6on	  

ü  Taking	  into	  account	  dura6on	  
of	  the	  event	  

ü  Modelling	  ex6nc6on	  with	  
con6nuous	  forms	  

Or:	  

ü  Background	  and	  mass	  
ex6nc6on	  events	  modelled	  
within	  the	  same	  framework	  

ü  Mass	  ex6nc6ons	  =	  extremes	  
of	  a	  background	  con1nuum	  
of	  intensi1es	  and	  dura1on	  

Condamine	  et	  al.	  2013	  –	  Ecol.	  LeEers	  
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Condamine	  et	  al.	  2013	  –	  Ecol.	  LeEers	  
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lost	  
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Condamine	  et	  al.	  2013	  –	  Ecol.	  LeEers	  

ü  Mass	  ex1nc1ons	  (9	  Ma)	  
associated	  with	  high	  species	  
loss	  (86-‐93%)	  

ü  Clades	  did	  not	  recover	  ater	  
sugges6ng	  a	  ‘1me-‐for-‐
specia1on’	  recovery	  
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Harnik	  et	  al.	  2012	  –	  TREE	  Mayhew	  et	  al.	  2012	  –	  PNAS	  

Temperature	  

Specia6on	  

Ex6nc6on	  

Temperature	  

CO2	  
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Jaramillo	  et	  al.	  2006	  –	  Science	   Marx	  &	  Uhen	  2010	  –	  Science	  

“Good	   correlaPon	   between	   diversity	   fluctuaPons	   and	   changes	   in	   global	   temperature,	  
suggesPng	  that	  climate	  change	  may	  be	  directly	  driving	  the	  diversity	  paEern.”	  

Introduc6on	   Mass	  ex6nc6ons	  &	  
recovery	  

Vulnerability	  &	  
evolu6onary	  poten6al	  

Limita6ons	  &	  
Perspec6ves	  

Background	  specia6on	  
&	  ex6nc6on	  



It	  was	  simply	  
too	  hot	  to	  
survive…	  

Sun	  et	  al.	  2012	  –	  Science	  
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Several	  approaches	  exist	  to	  assess	  the	  impact	  of	  climate	  

1.  Comparing	  phylogenies	  with	  paleoclima6c	  curves	  

2.  Fiwng	  birth-‐death	  model	  at	  specific	  clima6c	  event	  

3.  Using	  trait-‐dependent	  diversifica6on	  models	  
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1.	  Comparing	  phylogenies	  with	  paleoclima6c	  curves	  

Delsuc	  et	  al.	  2004	  –	  BMC	  Evol.	  Biol.	  
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ü  Idea:	  Visually	  searched	  for	  correla6ons	  
between	  phylogene6c	  events	  and	  
specific	  climate	  changes	  

ü  Drawback:	  highly	  correla6ve	  and	  
specula6ve	  approach	  



2.	  Fiwng	  birth-‐death	  model	  at	  specific	  clima6c	  event	  

Condamine	  et	  al.	  2012	  –	  Ecol.	  LeEers	  Winkler	  et	  al.	  2009	  –	  PNAS	  

a.  We	  know	  periods	  of	  climate	  changes	  in	  the	  history	  

b.   Compare	  a	  one-‐rate	  BD	  model	  vs.	  2-‐rates	  BD	  model	  

c.   ShiW	  1me	  is	  the	  clima6c	  event	  (e.g.	  cooling	  event)	  
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3.	  Using	  trait-‐dependent	  diversifica6on	  models	  

a.  Inferring	  func6onal	  dependence	  of	  
specia6on	  and	  ex6nc6on	  rates	  on	  a	  
character	  

b.  Characters	  may	  be	  either	  binary	  
(presence/absence)	  or	  quan1ta1ve	  
(temperature)	  

c.  Compare	  several	  func6onal	  
dependences	  (sigmoid,	  hump-‐shaped)	  
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Pyron	  &	  Burbrink	  2012	  –	  J.	  Evol.	  Biol.	  

BiSSE	  (Maddison	  et	  al.	  2007	  –	  Syst.	  Biol.)	  
QuaSSE	  (FitzJohn	  2010	  –	  Syst.	  Biol.)	  



1	  –	  Approach	  based	  on	  a	  6me-‐dependent	  diversifica6on	  model	  	  
•  Specia6on	  and	  ex6nc6on	  rates	  can	  vary	  trough	  1me	  
•  Ex6nc6on	  rate	  can	  exceed	  that	  of	  specia6on	  
•  Only	  a	  frac1on	  of	  extant	  species	  are	  sampled	  

Morlon	  et	  al.	  2011	  –	  PNAS	  
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1	  –	  Approach	  based	  on	  a	  6me-‐dependent	  diversifica6on	  model	  	  
•  Specia6on	  and	  ex6nc6on	  rates	  can	  vary	  trough	  1me	  
•  Ex6nc6on	  rate	  can	  exceed	  that	  of	  specia6on	  
•  Only	  a	  frac1on	  of	  extant	  species	  are	  sampled	  

	  
In	  addi1on	  

	  
2	  –	  It	  allows	  specia6on	  and	  ex6nc6on	  rates	  to	  also	  depend	  on	  an	  external	  
variable,	  itself	  depending	  on	  1me:	  
	  
•  Temperature	  
•  Sea	  level	  
•  Atmospheric	  carbon	  concentra6on	  
•  Number	  of	  con6nents	  
•  …	  any	  external	  variable	  you	  want	  
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Morlon	  et	  al.	  2011	  –	  PNAS	  

Benton	  2010	  –	  PTRSB	  



The	  new	  exact	  Likelihood	  expression	  of	  the	  model	  with	  6me-‐varying	  specia6on	  and	  ex6nc6on	  
rates	  and	  incomplete	  sampling	  

λ t( ) = λ t,E1 t( ),E2 t( ),...,Ek t( )( )

( ) ( ) ( )( )tEtEtEtt k,...,,,)(~ 21µµ =

Equa6ons	  of	  specia6on	  and	  ex6nc6on	  rates	  depending	  on	  6me	  and	  environmental	  variable	  (E(t))	  

L(t1,..., tn ) =
f nΨ(t2, t1) λ(ti )Ψ(si,1, ti )Ψ(si,2, ti )i=2

n
∏

1−Φ(t1)
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•  Time	  is	  measured	  from	  the	  present	  to	  the	  past	  

•  t	  =	  0	  denotes	  the	  present,	  and	  t	  increases	  into	  the	  past	  

•  t1	  denotes	  the	  first	  6me	  at	  which	  the	  ancestral	  species	  came	  into	  existence	  

•  t2	  is	  the	  6me	  of	  the	  most	  recent	  common	  ancestor	  of	  the	  sampled	  species	  

•  {t2,	  t3,	  ...	  ,	  tn}	  denote	  the	  6mes	  of	  branching	  events	  in	  the	  phylogeny,	  with	  t1	  >	  t2	  >	  ...	  >	  tn	  
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t	  =	  0	  

t1	   t2	  	  

t	  in	  the	  past	  

t	  +	  Δt	   t	  

t3	  	  
t4	  	  

4	  

3	  

2	  

1	  



probability	  that	  n	  species	  are	  sampled	  today	  

L(t1,..., tn ) =
f nΨ(t2, t1) λ(ti )Ψ(si,1, ti )Ψ(si,2, ti )i=2

n
∏

1−Φ(t1)
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Ψ(t2,t1),	  the	  probability	  that	  a	  lineage	  survives	  from	  t1	  to	  t2	  and	  leaves	  one	  descendant	  
lineage	  at	  6me	  t2:	  

L(t1,..., tn ) =
f nΨ(t2, t1) λ(ti )Ψ(si,1, ti )Ψ(si,2, ti )i=2

n
∏

1−Φ(t1)

Ψ(t2, t1) = e
λ (u)− µ (u)du

t 2
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probability	  of	  a	  specia6on	  event	  at	  6me	  ti	  

L(t1,..., tn ) =
f nΨ(t2, t1) λ(ti )Ψ(si,1, ti )Ψ(si,2, ti )i=2

n
∏

1−Φ(t1)
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In	  which,	  si,1	  and	  si,2	  denote	  the	  6mes	  at	  which	  the	  descendant	  lineages	  introduced	  
themselves	  branch	  at	  6me	  ti	  
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Φ(t),	  the	  probability	  that	  a	  lineage	  alive	  at	  6me	  t	  has	  no	  descendant	  in	  the	  sample:	  

L(t1,..., tn ) =
f nΨ(t2, t1) λ(ti )Ψ(si,1, ti )Ψ(si,2, ti )i=2

n
∏

1−Φ(t1)
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1	  −	  Φ(t1),	  the	  probability	  that	  the	  subclade	  did	  not	  go	  ex6nct	  
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Tested	  with	  an	  exponen1al	  
dependence	  of	  specia6on	  on	  

temperature	  given	  by:	  

( ) ( )tTet αλλ 0
~

=

Posi1ve	  α	  indicate	  that	  
higher	  temperatures	  
enhance	  specia6on	  
	  
Nega1ve	  α	  indicate	  that	  
higher	  temperatures	  
hamper	  specia6on	  
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The	  rela6onship	  between	  specia6on	  rate	  and	  temperature	  es6mated	  with	  the	  approach	  is	  
λ(T)	  =	  0.0957e0.0169T,	  sugges6ng	  a	  posi6ve	  dependence	  of	  specia6on	  rates	  on	  temperature	  
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Hoffmann	  et	  al.	  2010	  –	  Science	  
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Goldberg	  et	  al.	  2010	  –	  Science	  
Gamble	  et	  al.	  2012	  –	  PLoS	  One	  
Hugall	  &	  Stuart-‐Fox	  2012	  –	  Nature	  
Price	  et	  al.	  2012	  –	  PNAS	  

Trophic	  strategy	  

Colour	  polymorphism	  

Morphological	  character	  
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Hoffmann	  et	  al.	  2010	  –	  Science	  
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Myers	  et	  al.	  2000	  –	  Nature	   Beccera	  &	  Venable	  2008	  –	  PLoS	  One	  

…	  But	  areas	  of	  high	  diversity	  are	  not	  necessarily	  areas	  of	  high	  diversifica6on	  
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Possible	  to	  es6mate	  the	  func6onal	  dependence	  of	  diversifica6on	  rates	  on	  
environmental	  variables:	  

Using	  phylogene6c	  approaches	  (trait-‐dependent	  diversifica6on	  model	  like	  QuaSSE)	  
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Map	  current	  environmental	  variables	  and	  associated	  diversifica6on	  rate	  
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Future	  

Map	  future	  (2080)	  environmental	  variables	  and	  associated	  diversifica6on	  rate	  
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ü  Keep	  in	  mind	  that	  what	  happened	  in	  the	  past	  is	  different	  from	  what	  happen	  today	  

ü  Environmental	  changes	  are	  faster	  than	  in	  the	  past:	  

Ex.	  	  
-‐	  Habitat	  loss	  (bolide	  impacts)	  were	  instantaneous	  =>	  similar	  to	  deforesta6on	  
today?	  
	  
-‐	  Climate	  changes	  were	  usually	  on	  long-‐term	  period	  but	  …	  see	  the	  PETM	  at	  56	  Ma	  

Global	  temperatures	  have	  increased	  by	  0.0074	  °C	  per	  year,	  which	  is	  much	  faster	  
than	  the	  0.0003	  °C	  per	  year	  increase	  within	  20	  000	  years	  during	  one	  of	  the	  	  PETM	  
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Morlon	  et	  al.	  2011	  –	  PNAS	  
Rolland	  et	  al.	  2012	  –	  Biol.	  LeEers	  
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Clades	  with	  nega1ve	  diversifica1on	  rates	  (diversity	  decline)	  have	  high	  current	  ex1nc1on	  risk	  

Suggest	  a	  phylogene1c	  conserva1sm	  of	  ex1nc1on	  

Some	  biological	  ahributes	  (body	  size)	  that	  confer	  risk	  are	  conserved	  
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Rabosky	  &	  LoveEe	  2008	  –	  EvoluPon	  
Quental	  &	  Marshall	  2010	  –	  TREE	  
Didier	  et	  al.	  2012	  –	  JTB	  

•  Integra6ng	  phylogenies	  and	  the	  fossil	  
record	  in	  6me-‐dependent	  model	  (Morlon	  
et	  al.	  2011	  –	  PNAS)	  

•  Work	  in	  collabora6on	  with	  Tiago	  Quental	  
(U.	  Sao	  Paulo,	  Brazil)	  

For	  many	  groups	  there	  are	  low	  ex1nc1on	  rates	  which	  is	  unrealis6c	  given	  the	  fossil	  record	  
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1.  Phylogenies	  can	  be	  used	  to	  understand	  past	  diversity	  dynamics	  and	  how	  they	  
were	  influenced	  by	  environmental	  

2.  Phylogenies	  provide	  an	  addi1onal	  tool	  to	  predict	  how	  diversity	  dynamics	  may	  be	  
influenced	  by	  environmental	  change	  in	  the	  future	  

3.  The	  causes	  of	  current	  ex6nc6ons	  may	  be	  different	  from	  what	  happened	  in	  the	  
past	  and	  they	  are	  orders	  of	  magnitude	  higher	  

4.  We	  have	  likle	  power	  to	  understand	  the	  past,	  and	  we	  will	  have	  even	  less	  to	  
predict	  the	  future	  

5.  There	  are	  many	  caveats	  but	  the	  full	  poten1al	  of	  phylogenies	  in	  global	  change	  
biology	  and	  conserva6on	  has	  yet	  to	  be	  explored	  
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