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ABSTRACT
Using parsimony, phylogenetic patterns may be inferred with cladistics, and may validate predictions issued from models of

evolutionary processes. The use of parsimony is needed - whatever the evolutionary model implied - to minimize the number
of unwarranted hypotheses, according to the elementary rules of comparative biology. Following this minimization, patterns
are less hypothetical and more independent, and a higher number of evolutionary processes may be tested. One should be
aware of possible biases in the comparison of the results provided by several tests in different clades, biases related to
delineation of characters and ingroups.

RESUME

Le test des processus evolutifs par les sequences phvlogenetiques : puissance et limitations du test
La phylogenie cladistique permet d'etablir par eeonomie d'hypotheses des sequences devolution des caracteres. Ces

sequences peuvent valider les predictions issues de modeles de processus evolutifs concemant ces memes caracteres. L'usage
de la parcimonie se justifie dans ce domaine, quelque soit le modele evolutif qui y corresponde, par la necessity de minimiser
les hypotheses gratuites en biologie comparative. II permet d'une part de ne pas rendre les resultats trop hypothetiques, et
d'autre part de ne pas oberer le test d'hypotheses supplementaires par manque d independance. II est recommande de prendre
en compte les biais possibles dans la comparison de resultats de plusieurs tests dans des clades differents, biais pouvant
decouler de la definition des caracteres et des groupes a l’etude.

INTRODUCTION

Phylogenetic  tests  of  evolutionary  scenarios  formally  existed  since  approximately  twenty
years  (ANDERSEN,  1979).  Following  the  development  of  cladistics,  many  people  were  interested
in  taking  into  account  phylogenetic  information  for  testing  evolutionary  hypotheses,  as
emphasized  by  several  seminal  papers  (BROOKS,  1985;  GREENE,  1986;  Coddington,  1988,
1990;  Carpenter,  1989).  More  recently,  a  large  number  of  reviews  dealt  with  this  research  field
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(Funk  &  Brooks,  1990;  Wanntorp  etal.,  1990;  Brooks  &  McLennan,  1991,  1993;  Baum&
Larson,  1991;  Coddington,  1994;  Eggleton  &  Vane-Wright,  1994a;  Maddison,  1994;
Spence  &  Andersen,  1994;  Miller  &  Wenzel,  1995;  Desutter-Grandcolas,  1996).  The
goal  of  these  studies  in  comparative  biology  is  to  use  phylogenetic  patterns  either  to  infer  an
evolutionary  history  per  se  or  to  test  previous  hypotheses  of  evolutionary  processes  (ELDREDGE
&  Cracraft,  1980;  Grandcolas  el  al.  ,  1994).

The  number  of  available  methods  using  phylogenetic  information  in  the  study  of  processes
has  also  greatly  increased  (e.g.  Harvey  &  Pagel,  1991;  Miles  &  Dunham,  1993;  Harvey  et
<*l;  1995;  MARTINS,  1996)  generally  without  clear  distinction  of  their  respective  pre-requisites  or
uses  (Carpenter,  1992;  GRANDCOLAS  et  al.,  1994).  Only  some  empirical  modeling  studies  have
been  carried  out  to  evaluate  and  to  compare  these  methods,  and  they  did  not  settle  general  issues
in  this  respect  (e.g.  GlTTLEMAN  &  HANG-KWANG,  1994;  WESTNEAT,  1995;  BJORKLUND,  1995).
Several  works  have  also  criticized  the  reliability  of  phylogenetic  tests.  Regarding  some  specific
evolutionary  models,  tests  are  supposed  to  be  flawed  either  because  parsimony  is  used  or
because  adaptation  is  circumstantially  detected  (LEROI  et  al.,  1994;  FRUMHOFF  &  REEVE,  1994;
GRETHER,  1995;  SCHLUTER,  1995).

The  phylogeny  user  who  compares  taxa  and  builds  phylogenies  for  inferring  or  testing
evolutionary  histories  could  now  wonder  which  method  is  the  most  powerful  and  relevant  in  his
case  study,  the  more  likely  to  provide  him  with  robust  and  reliable  results.  He  could  also  ask
what  are  the  limitations  of  these  methods.  We  try  to  answer  these  questions,  focusing  mainly  on
the  phylogenetic  tests  of  evolutionary  scenarios  which  seem  to  us  of  prime  importance  regarding
the  aim  of  comparative  biology.

TEST  POWER

A  test  results  from  the  contrast  of  two  independent  sets  of  data:  for  instance,  statistical
tests  compare  an  observed  distribution  and  an  expected  distribution.  The  phylogenetic  tests  of
evolutionary  scenarios  compare  phylogenetic  patterns  and  patterns  implied  by  evolutionary
processes  (i.e.  evolutionary  scenarios),  to  infer  sound  hypotheses  of  evolution  (ELDREDGE  &
Cracraft,  1980;  Carpenter,  1989;  Grandcolas  et  al  .,  1994).  As  in  any  test,  if  expected  and
observed  data  sets  are  incongruent,  the  hypothesis  under  test  (which  has  been  obtained  using
unwarranted  hypotheses)  is  rejected  as  unsatisfactory.  Conversely,  the  congruence  of  the  two
data  sets  provides  independent  support  (i.e.  corroboration)  for  the  unwarranted  hypotheses  used
for  obtaining  one  of  the  data  sets.  By  unwarranted,  we  mean  hypotheses  which  are  not
substantiated  directly  but  made  by  extrapolation  or  by  logical  reasoning.

Phylogenetic  tests  may  be  ranked  relative  to  other  methods  of  extracting  historical
information,  according  to  their  respective  testing  power.  This  testing  power  may  be  estimated
with  respect  to  the  range  of  different  situations  in  which  the  tests  can  be  performed,  and  with
respect  to  the  ratio  and  the  reliability  of  refutations  which  they  can  produce.  Estimating  the
testing  power  makes  necessary  to  assess  critically  the  kind  of  items  to  be  compared  in  the  test,
the  intrinsic  properties  of  these  items  and  thus  the  way  to  contrast  them  maximally.  Both  the
phylogenetic  patterns  and  the  evolutionary  scenarios  should  be  examined  in  this  perspective,  in
order  to  draw  the  guidelines  for  carrying  out  the  tests.

Source: MNHN. Paris
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Lessons  from  the  phylogenetic  patterns

Minimizing  the  burden  of  hypotheses.  Evolution  is  a  historical  and  unique  phenomenon
which  occurred  in  the  past  and  produced  similarities  and  differences  between  taxa.  The  aim  of
comparative  biology  is  to  fill  the  gaps  existing  between  the  taxa  to  understand  their  differences,
using  the  principle  of  descent  with  modification  (Fig.  1).  Consequently,  comparative  biology
deals  mainly  with  hypotheses,  i.e.  the  basic  hypotheses  of  descent  patterns  which  link  the
respective  characters’  states  in  the  different  taxa  (NELSON,  1970;  FARRIS,  1983).  These
hypotheses  will  never  be  ascertained  totally,  because  gaps  in  knowledge  still  remain  (PATTERSON,
1994).  Neither  fossils  nor  additional  taxa  could  provide  anything  other  than  hypotheses  because
these  additional  taxa  could  only  insert  themselves  between  other  taxa  without  totally  filling  the
gaps.  Consequently,  any  methodological  advance  in  comparative  biology  should  consist  in
decreasing  as  much  as  possible  the  number  of  hypotheses.  For  reconstructing  the  past,  one
should  not  add  any  extra-hypothese  (  e.g.  ad  hoc  hypotheses  sensu  Farris,  1983)  to  the  basic
and  necessary  descent  hypotheses  linking  character  states  in  taxa.  Any  additional  ad  hoc
hypothesis  will  remain  unwarranted  (unsupported  by  the  data)  and  thus  decrease  the  reliability  of

Fig. 1. — General biology deals with comparisons of different states of a trait (XI and X2) in a same taxon “A" at two
different moments. Comparative biology 1 deals with comparisons of different states of a trait “X” (XI and X2) in two
different taxa “A” and “B” In comparative biology, one relies on an assumption of descent, which will remains
hypothetical ultimately (here quoted with a question mark).

the  results.  A  usual  argument  for  adding  hypotheses  that  we  called  here  “unwarranted”  is  to
make  analogy  with  previous  case  studies,  in  the  way:  “it  is  well-known  that  evolution  proceeds  in
the  way  ...”  For  example,  “it  is  well-known  that  transversions  are  more  frequent  than
transitions”.  This  kind  of  argument  seems  to  us  clearly  inappropriate  in  science  in  the  absence  of
directly  supporting  evidence.

Taking  into  account  the  principle  of  independence.  There  is  another  reason  to  decrease  the
number  of  ad  hoc  hypotheses.  To  test  evolutionary  processes  with  phylogenetic  patterns,  it  is
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. — Hie phylogenetic test of evolutionary scenarios compares two independent issues: a pattern issued from a
phylogenetic analysis (maximizing explanatory power) and a pattern issued from a model of evolutionary process
(maximizing predictive power). The test itself has a maximal heuristic power, whether it provides a refutation or a
corroboration as a result.

necessary  to  follow  the  principle  of  independence  (DELEPORTE,  1993;  GRANDCOLAS  et  a!.,
1994).  One  should  not  test  hypotheses  of  evolutionary  processes  with  phylogenetic  patterns
which  would  have  been  inferred  using  these  same  hypotheses.  The  more  ad  hoc  hypotheses  used
to  infer  phylogenetic  patterns,  the  less  validly  evolutionary  processes  can  be  tested,  i.e.  tested
with  truly  independent  evidence.

The  testing  power  of  phylogenetic  tests  is  inversely  related  to  the  number  of  ad  hoc
hypotheses  made  for  reconstructing  phylogenetic  patterns.  Using  a  lesser  number  of  ad  hoc
hypotheses,  one  could  test  and  refute  a  higher  ratio  of  evolutionary  processes  with  a  higher
reliability.  This  explicit  principle  is  reminiscent  of  the  earlier  characterization  of  cladistics  during
the  discussions  among  the  different  taxonomic  schools.  HENNIG  (1950)  himself  already
distinguished  phylogenetic  systematics  from  evolutionary  systematics  on  the  basis  of  the  use  of
fewer  a  priori  assumptions,  as  quoted  by  DlJPUlS  (1984).

Source:
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Lessons  from  the  evolutionary  processes

The  plea  concerning  this  particular  minimization  of  ad  hoc  hypotheses  does  not  concern
studies  in  general  biology  and  especially  in  population  biology.  These  kinds  of  biological  studies
mainly  deal  with  processes  rather  than  patterns,  and  they  study  them  in  a  diachronic  way  but  in
the  same  taxa:  the  progress  of  a  process  can  be  observed  along  the  time  and  the  different  states
of  a  trait  during  a  process  may  be  put  directly  into  relation  without  making  too  many  hypotheses
(Fig.  1).  Along  the  time,  several  parameters  can  also  be  monitored  to  study  their  influence  on  the
process.  In  this  way,  comparing  a  trait  in  the  same  species  (or  even  in  the  same  population  of  the
same  species)  at  different  moments  allows  control  of  most  influential  parameters.  The
comparison  of  two  different  states  of  the  trait  under  study  at  two  different  moments  does  not
necessarily  increase  the  number  of  uncontrolled  parameters.  This  consequently  does  not  decrease
the  number  of  degrees  of  freedom  for  these  comparisons,  as  opposed  to  studies  of  comparative
biology  which  compare  different  states  of  a  trait  in  distinct  taxa  differing  by  many  other
characters.

Population  biology  can  thus  develop  fairly  directly  testable  models.  Models  formalize  the
relationships  between  several  parameters  on  the  basis  of  previous  population  studies.  Models
make  predictions  which  can  be  validated  by  further  observations  on  populations.  The  empirical
validation  of  models  is  thus  possible  using  complementary  observations  carried  out  at  different
moments  on  the  same  phenomenon  (Levins,  1966;  Michalakis  et  al,  1997,  this  volume).  In
general  biology,  predictions  of  models  can  be  checked  directly,  while  this  is  impossible  for  the
same  hypotheses  in  comparative  biology.  Many  models  in  general  biology  are  predictive
regarding  evolutionary  processes  in  populations  and  are  considered  only  secondarily  as  predictive
in  different  situations,  at  a  macroevolutionary  level  and  in  different  taxa.  These  models  acquire  by
extrapolation  an  heuristic  value  in  comparative  biology  because  their  predictions  can  be
addressed  secondarily  at  a  macroevolutionary  level.  The  validity  of  models  at  this  level  can  no
longer  be  assessed  empirically  because  the  observations  are  no  longer  repeatable  in  the  same
taxa.  It  has  been  sometimes  argued  that  validation  may  be  possible  however,  using  antagonistic
models  with  opposite  predictions  (LEMEN  &  FREEMAN,  1989;  MICHALAKIS  et  al,  1997,  this
volume).  But  an  identical  prediction  can  be  produced  by  several  different  models  and  thus  cannot
be  validated  solely  by  refutation  of  an  opposite  prediction  generated  by  an  antagonistic  model
(DUNBAR,  1989).

An  evolutionary  model  at  macroevolutionary  level  can  only  be  validated  by  a  comparison
with  the  independent  patterns  which  can  be  collected  using  phylogenetic  analysis.  This  is  an
important  methodological  justification  of  the  usefulness  of  phylogenetic  tests  of  evolutionary
scenarios.

Phytogenies  versus  models:  explanatory  power  versus  predictive  power

Both  approaches,  phylogenetic  analysis  and  process  modeling,  are  obviously  valuable  for
different  reasons  and  they  are  complementary.  There  is  an  opportunity  to  compare  the  models  of
processes  in  general  biology  and  the  phylogenetic  patterns  in  comparative  biology.  In  this
comparison,  the  patterns  are  testing  the  processes  because  patterns  minimize  ad  hoc  hypotheses
at  a  macroevolutionary  level  while  the  models  are  ad  hoc  constructions  at  this  level  (Fig.  2).
Analyses  of  patterns  and  processes  have  contrasting  powers  (Figs  2,  3).  Phylogenetic  patterns
have  a  high  explanatory  power  (FARRIS,  1979,  1983),  because  available  data  are  explained  by

Source:
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themselves  without  any  ad  hoc  additional  hypothesis  (Figs  2-3).  Models  of  processes  have  a  high
predictive  power,  because  they  are  designed  to  make  predictions  (Figs  2-3).  The  comparison  of
these  two  contrasted  analyses  has  a  higher  heuristic  power  than  each  separate  analysis  (Fig.  2)
because  conclusions  obtained  when  maximizing  explanatory  power  are  compared  with
conclusions  obtained  when  maximizing  predictive  power.

I' 1G - 3. Contrasted characteristics of phytogeny and model, including respective concern, object, power, level, reliability
and pre-requisites.

With  respect  to  these  principles,  parsimony  is  not  used  as  a  particular  model  of  evolution
but  as  a  logic  for  reasoning  using  as  few  ad  hoc  hypotheses  as  possible  (Farris,  1983).  This
point  has  particularly  been  misunderstood  (e.g.  Pagel  &  Harvey,  1989;  Pagel,  1994)  and  has
been  a  blind  alley  in  discussions  for  several  decades  as  noticed  by  RlEPPEL  (1988)  and  EGGLETON
&  VANE-WRIGHT  (1994b).  Parsimony  must  be  used  as  a  logical  principle  and  it  has  inevitable
consequences  concerning  the  reconstruction  of  evolution.  However,  any  other  method  would  be
less  valuable,  because  of  the  use  of  more  ad  hoc  and  unwarranted  hypotheses.  Parsimony  in  data
analysis  for  phylogeny  reconstruction  is  like  democracy  in  the  popular  joke  “the  worst  system,
but  nobody  has  ever  found  a  better  one".  Assertions  such  as  “in  this  case,  parsimony  does  not
work”  are  soundless  because  one  does  not  know  how  evolution  has  proceeded  in  a  given  case
and  one  cannot  propose  a  model  -  to  mitigate  parsimony  use  -  which  is  free  of  additional  and
costly  assumptions.

It  is  sometimes  asserted  that  phylogeny  has  also  a  predictive  power  (RlEPPEL,  1988;
SYSTEMATICS  Agenda  2000,  1994),  because  it  supplies  parsimonious  hypotheses  of  character
states  when  one  state  is  unknown  within  part  of  an  ingroup.  This  assertion  is  misleading  because
it  confounds  the  causation  and  the  effect  of  parsimony  use.  Parsimony  is  used  to  provide
hypotheses  of  phylogenetic  patterns,  even  though  some  character  states  are  unknown  in  some

Source:
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taxa,  because  a  phylogenetic  explanation  is  needed  even  with  incomplete  data.  But  parsimony  is
primarily  not  used  for  predicting  the  value  of  missing  data,  such  as  unknown  character  states.
Used  in  this  exclusive  way,  parsimony  would  be  nothing  else  than  a  model,  and  a  poor  one,  of
phylogenetic  inertia  through  extrapolation  of  character  states  present  in  the  sister  taxa.  The  use
of  the  term  “predictive”  should  be  restricted  to  modeling;  it  is  misleading  in  the  case  of
phylogenetic  analysis  and  was  probably  mistaken  for  “heuristic”,  “informative”,  or  better-
conceived  “explanatory”.

TEST  LIMITATIONS

Limitations  can  be  intrinsic  or  extrinsic  to  the  methodology  of  tests.  Some  intrinsic
limitations  have  been  emphasized  in  recent  criticisms  and  are  the  product  of  unwarranted
predictions  by  particular  models  of  evolution.  As  these  models  cannot  be  validated,  these
hypotheses  of  limitations  are  not  testable  and  are  refuted  in  a  first  step.  Other  intrinsic  limitations
deal  with  the  very  nature  of  cladistic  phylogenetic  hypotheses  and  should  be  taken  into  account.
A  first  limitation  is  related  to  the  robustness  of  phylogenetic  trees  on  which  phylogenetic  tests  are
based.  Many  authors  have  stressed  that  phylogenetic  trees  are  not  necessarily  correct  and  that
studies  based  on  phylogenies  should  consider  carefully  this  point  (  e.g.  EGGLETON  &  Vane-
WRJGHT,  1994c).  Although  this  point  must  be  obviously  a  matter  of  concern,  it  could  not  justify
rejection  of  phylogenetic  tests  based  on  phylogenetic  trees  which  have  been  correctly  assessed
even  according  to  only  one  set  of  data  (either  morpho-anatomical,  or  behavioral,  or  molecular,
etc  ).  As  in  any  scientific  study,  a  reasonable  amount  of  evidence  must  be  taken  into
consideration,  even  if  additional  evidence  can  possibly  change  the  results  in  the  future,  provided
that  these  results  are  refutable  (Quin  &  Dijnham,  1983).  It  could  be  far  less  hazardous  to  use
phylogenies  even  if  they  are  young  hypotheses  still  not  much  discussed  in  the  literature  than  to
use  many  ad  hoc  hypotheses  to  test  evolutionary  hypotheses.  Cladistic  phylogenies  and  related
phylogenetic  tests  -  even  based  on  limited  evidence  -  can  be  refuted  contrary  to  ad  hoc
hypotheses  of  macroevolution.  By  the  way,  a  further  examination  of  the  problem  of  tree
robustness  may  be  found  in  this  volume  (WENZEL,  1997)

A  second  intrinsic  limitation  deals  with  the  absence  of  temporal  scales  when  dealing  with
cladistics.  Minimizing  unwarranted  hypotheses  such  as  “evolutionary  clocks”  precludes  any
possible  absolute  dating  in  cladistics  (except  minimal  age  estimates  using  fossils,  which  is
evidence  independent  of  cladistics  per  se).  This  is  particularly  detrimental  to  the  comparisons
between  clades  for  testing  hypotheses  of  niche  displacement,  coevolution,  etc.  Conversely,
studies  which  do  not  use  this  principle  increase  the  burden  of  hypotheses.  For  instance,  the
validity  of  the  conclusions  of  OWENS  &  BENNET  (1995)  relies  on  their  hypothesis  of  an
evolutionary  clock  in  bird  clades,  a  hypothesis  less  than  reliable  (CRACRAFT,  1992;  MlNDELI.,
1992;  O’Hara,  1991).

Most  other  limitations  stay  far  beyond  the  tests  and  are  related  to  the  general  and  statistical
significance  of  the  addition  of  the  results  of  several  tests  (Fig.  4).  They  are  extrinsic  to  the  tests
but  will  undoubtedly  become  an  important  matter  of  concern  when  many  phylogenetic  tests  are
achieved  in  the  future.  The  addition  of  their  results  will  allow  generalizations  (Grande,  1994),
provided  that  tests  are  carried  out  without  sampling  bias.  These  possible  biases  will  be  discussed
in  a  second  step.

Source:
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Model-based  criticisms

Recently,  several  authors  have  criticized  phylogenetic  tests,  considering  that  parsimonious
reconstructions  do  not  work  under  the  assumptions  of  particular  evolutionary  models  (LEROI  el
al  ,  1994;  FRUMHOFF  &  REEVE,  1994;  GRETHER,  1995;  SCHLUTER,  1995).

A  first  criticism  was  based  on  a  misunderstanding  of  phylogenetic  tests.  According  to
LEROI  et  al.  (1994),  pattern  and  process  would  be  confused  in  phylogenetic  tests  and  the  pattern
would  not  be  sufficient  in  itself  to  prove  the  existence  of  a  corresponding  process  (for  example,
polarity  testing  for  the  adaptive  value  of  a  trait).  But,  many  phylogeneticists  do  not  make  the
assumption  of  an  obligatory  and  reciprocal  relationship  between  a  kind  of  pattern  and  a  kind  of
process  (CARPENTER,  1989;  CODDINGTON,  1990;  GRANDCOLAS  et  al  ,  1994).  This  point  has
been  clearly  explained  by  CODDINGTON  (1990)  who  showed  that  phylogenetic  tests  of
evolutionary  scenarios  contrast  two  patterns,  one  from  the  phylogeny  and  one  implied  by
evolutionary  process  (the  scenario).  In  this  way,  the  phylogenetic  pattern  is  not  taken  as  a  direct
indication  of  the  presence  of  a  process  but  tests  for  its  lack  versus  its  possible  presence.  The
presence  of  this  pattern  in  phylogeny  is  only  a  corroboration  of  the  hypothesis  of  process.  A
corroboration  is  always  weaker  than  a  refutation  (BERNARD,  1865;  POPPER,  1959);  it  cannot  be
taken  as  a  proof  and  thus  it  is  necessary  to  substantiate  the  hypothesis  of  process  by  additional

Fig. 4. — The generalization of a pattern (1 -* 2) by the addition of phylogenetic analyses of three independent clades A, B
and C. This generalized parsimonious pattern must be compared to the underlying scenario of an evolutionary model.

population  studies.  For  example,  character  polarity  may  corroborate  an  hypothesis  of  adaptation
but  cannot  prove  directly  the  adaptive  value  of  this  character.  The  possible  strong  inference
issuing  from  a  phylogenetic  test  comes  in  fact  from  the  observation  of  a  phylogenetic  pattern
incompatible  with  the  expected  pattern,  thus  constituting  a  refutation  of  the  tested  process.  More
precisely,  it  constitutes  a  refutation  of  the  idea  that  the  process  would  have  existed  and  played  a
major  role  in  orienting  macroevolution  in  the  considered  clade.  The  process  is  refuted  by  the
phylogenetic  pattern  and  not  the  contrary  because  it  comprises  much  more  unwarranted
hypotheses  at  the  macroevolutionary  scale  than  the  phylogenetic  pattern.  It  is  always  possible  to
imagine  that  the  process  existed  and  left  no  traces  behind,  but  this  is  not  a  testable  and  scientific
proposition.
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A  second  criticism  deals  with  the  possible  genetic  linkage  between  several  traits
(Frumhoff  &  Reeve,  1994;  LEROI  et  al.,  1994;  GRETHER,  1995).  According  to  this  criticism,  a
strong  genetic  link  could  better  explain  the  changes  of  certain  characters  than  their  own  adaptive
value.  This  criticism  is  related  to  the  misunderstanding  commented  upon  above.  Still,  if  the
phylogenetic  pattern  of  a  trait  is  incompatible  with  the  pattern  implied  by  a  hypothetical  process
concerning  this  trait,  there  is  refutation  of  the  process  hypothesis,  whatever  any  possible  role  of
genetic  linkage.  As  previously  mentioned,  if  there  is  corroboration,  there  is  still  additional  work
to  be  achieved  on  populations  before  conclusion.  This  additional  work  should  include  genetic
studies  of  linkage  (see  also  MORAND,  1997,  this  volume).

A  third  criticism,  addressed  more  widely,  concerns  some  general  assumptions  of
evolutionary  models.  Under  specific  evolutionary  models  dealing  with  rates  or  likelihoods  of
transitions  and  speciations,  FRUMHOFF  &  Reeve  (1994)  and  Schllter  (1995)  imagined  how
phylogenetic  tests  could  become  inefficient  in  reconstituting  past  events.  This  sort  of  model-
based  assumptions  are  easily  testable  in  populations  but  are  unwarranted  at  a  macroevolutionary
scale,  a  priori  to  any  phylogenetic  reconstruction  (see  Carpenter,  1997,  this  volume,  and
SCHULTZ  et  al  .,  1996  for  arguing  against  the  model  of  FRUMHOFF  &  RF.F.VE,  1994).  Even  if  some
patterns  constructed  with  cladistics  are  biased  because  of  some  particular  modes  of  evolution,
there  is  a  priori  no  other  means  to  reconstruct  them.  The  addition  of  the  burden  of  any  particular
model  would  only  make  results  less  reliable  because  one  can  never  substantiate  this  particular
model  concerning  a  past  evolutionary  phenomenon  (analogy  is  not  adequate  in  this  respect  to
build  a  particular  model).

These  three  kinds  of  criticisms  either  are  based  on  a  misunderstanding  of  the  procedure  of
phylogenetic  tests  or  do  not  follow  a  primary  principle  of  comparative  biology,  that  is  to
minimize  unwarranted  hypotheses.

Actual  limitations:  beyond  the  individual  tests

Particular  as  well  as  general  hypotheses  can  be  tested  using  phylogenetic  patterns.  When
dealing  with  general  hypotheses,  and  to  assess  more  strongly  the  conclusions,  the  phylogeny  of
several  monophyletic  groups  may  be  studied  to  perform  as  many  tests.  Monophyletic  groups  may
be  considered  as  having  evolved  independently  if  they  are  not  directly  related  (not  sister-groups,
or  one  group  not  included  in  another).  This  assumption  is  only  statistical  as  even  if  only  a  few
symplesiomorphic  characters  are  shared,  they  can  possibly  determine  evolutionary  processes  in
two  clades  which  were  hypothesized  to  be  independent.  Consequently,  if  several  tests  bearing  on
different  and  independent  groups  provide  the  same  results  (refutation  or  corroboration  of  the
hypothesis),  the  hypothesis  is  tested  by  analogy  more  strongly  and  generally.  In  this  way,  a  kind
of  statistical  significance  may  be  assessed  using  the  addition  of  several  phylogenetic  independent
tests  (Fig.  4).  Such  independent  tests  are  not  often  possible  today  because  of  lack  of  available
phylogenies.  The  opportunities  of  carrying  out  phylogenetic  tests  are  still  scarce.  This  should  not
preclude  anticipating  the  future  statistical  pitfalls  and  the  biases  which  could  occur,  but  should
incite  to  the  realization  of  much  more  phylogenetic  analyses.

Delineation  of  the  trait  under  study.  Depending  on  this  delineation,  the  phylogenetic
pattern  may  vary.  Trait  delineation  comprises  the  definition  of  the  trait  itself,  the  definition  of  its
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Attribute

Fig. 5. — The different operations applied during phylogenetic analysis to traits being attribute, or character in a matrix, or
character in a tree. The attribute satisfies only to a statement of similarity, but not to a statement of homology; it is
submitted to a test of congruence. The character is firstly assessed primary homologous on the basis of its similarity
and on the basis ol an assumption ol descent with modification: it is secondly assessed secondarily homologous on the
basis of a test of congruence of the assumption of primary homology.

critical  step  in  phylogenetic  analysis  (GRANDCOLAS,  1993;  GRANDCOLAS  et  a/.,  1994).  The
primary  homology  of  a  trait  is  arbitrarily  assessed  by  using  statements  of  similarity  which
themselves  rely  mainly  on  the  heritability  and  the  delineation  of  this  trait  (Fig.  5).  For  example,
traits  such  as  geographical  distributions  may  not  be  said  to  be  strictly  homologous  because  they
are  not  heritable  sensu  stricto  (Dupuis,  1984).  Also,  macroecologica!  traits  such  as  “benthic”
cannot  be  said  homologous  because  they  are  defined  at  a  too  large  scale  (Mickevich  &  WELLER,
1991)  and  thus  poorly  defined.  Most  disagreements  concerning  primary  homology  come  from  the
definition  of  primary  homology  itself.  For  example,  all  broadly  similar  traits  could  to  be  said  to  be
primarily  homologous  (DELEPORTE,  1993),  even  if  they  are  not  used  to  build  a  tree,  because  they
are  similar  and  coded  as  such  when  mapped  on  the  cladogram  afterwards.  This  concept  is
however  equivocal,  in  that  it  does  not  take  into  account  the  fact  that  these  so-called  homologous
traits  are  not  used  as  characters  for  building  the  tree,  as  all  presumed  a  priori  homologous  traits
should  be  with  respect  to  the  principle  of  total  evidence  (KLUGE,  1989).  According  to
GRANDCOLAS  et  a/.  (1994),  only  similar  traits  which  are  used  for  building  the  tree  should  be  said
primarily  homologous;  they  should  be  said  to  be  only  similar  when  optimized  on  the  tree  and
when  this  mapping  is  the  only  way  to  assess  their  homology.  In  other  words,  primarily
homologous  traits  -  characters  -  are  by  definition  similar  traits  which  are  postulated  a  priori  to
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be  acquired  by  descent  with  modification  and  not  to  be  homoplastic  (Fig.  5).  Conversely,
attributes  are  similar  but  are  not  a  priori  postulated  acquired  by  descent  with  modification  (Fig.
5),  and  this  is  why  one  does  not  treat  them  as  characters  supporting  phylogeny  construction  (but
see  in  this  volume:  CARPENTER,  1997  for  another  distinction  between  characters  and  non¬
characters,  or  Wf.NZEL,  1997  for  arguing  in  favor  of  all  traits  taken  as  characters).

X

Character  versus  Attribute

Primary  homology

intrinsic  vs  extrinsic
(trait heritability)

large  scale  vs  small  scale
(trait delineation)

structural  vs  functional
(trait delineation)

Fig. 6. — The distinction between character and attribute by the mean of a primary homology statement. This statement
concerning a trait is based on the perception of its nature, intrinsic versus extrinsic (heritability), structural versus
functional (delineation) and the scale large or small at which it has been defined previously (delineation).

Increasing  both  the  accuracy  of  the  definition  and  the  number  of  states  improves  primary
homology  because  the  criteria  of  homology  may  be  more  easily  applied  to  the  trait  (Fig.  6).  In
this  way,  more  available  phylogenetic  information  existing  in  the  traits  is  used.  A  trait  the  primary
homology  of  which  is  assessed  can  be  used  to  build  the  tree  and  is  thus  submitted  to  an  internal
test  of  congruence  with  other  characters  (Fig.  5).  Increasing  both  the  accuracy  of  the  definition
and  the  number  of  states  optimizes  in  turn  the  secondary  homology  of  the  trait.  When  the
primary  homology  of  the  trait  has  not  been  assessed,  this  trait  can  be  optimized  (as  an  attribute)
on  the  tree  to  discover  its  phylogenetic  pattern.  This  pattern  can  be  more  precise  if  the  definition
of  both  the  trait  and  its  states  are  accurate.

Concerning  the  problem  of  character  delineation  and  especially  the  “character  versus
attribute”  alternative,  one  should  be  aware  that  primary  homologies  should  not  be  indirectly
assessed.  Unfortunately,  homologies  of  behavioral  or  ecological  traits  are  often  based  not  really
on  direct  examination  of  the  criteria  of  homology  but  on  indirect  considerations.  For  instance,  the
homology  of  a  behavioral  trait  is  often  assessed  according  to  its  neural  or  its  anatomical
correlates.  If  homology  of  the  neural  scheme  or  anatomical  structures  are  assessed,  we  would
better  use  neural  schemes  or  anatomy  as  characters.  Also,  homology  is  often  assessed  using
circular  reasoning,  especially  in  broadly  similar  traits:  behavioral  trait  is  observed  in  two  taxa
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known  to  be  closely  related,  and  so  it  is  considered  homologous,  provided  that  they  are  related.
This  is  obviously  circular.  Homology  is  not  independently  assessed  for  the  ethological  trait  itself
but  by  using  a  model  of  phylogenetic  inertia.  Determining  the  homology  of  behavioral  traits  is
however  possible  using  the  classical  criteria  of  homology,  but  actually  applied  to  behavior  itself.
Most  problems  of  plasticity  and  variability  which  are  often  said  to  prevent  assessing  behavior
homology  must  be  solved  by  appropriate  ethological  studies  (WENZEL,  1992).

Selection  of  the  ingroup.  This  term  refers  here  to  the  selection  of  a  group  of  taxa
supposedly  monophyletic,  without  any  contingencies  related  to  the  sampling  of  taxa.  The
ingroups  are  generally  studied  for  a  priori  reasons  of  suitability  for  specific  phylogenetic  tests  of
characters.  Ingroups  are  often  studied  also  according  to  some  constraints  of  feasibility:  are  the
taxa  well  known,  have  their  phylogeny  or  at  least  their  characters  been  preliminarily  studied  17  A
phylogenetic  test  deals  with  the  evolution  of  one  or  several  traits  from  an  ancestral  state  toward
derived  state(s),  possibly  including  reversals;  this  means  that  the  group  on  which  the  test  is
carried  out  comprises  taxa  showing  at  least  two  states  for  each  trait.  Also,  the  groups  under
study  are  generally  relatively  small,  still  because  of  constraints  of  feasibility.  Phylogenetic  studies
of  larger  groups  are  rarely  carried  out  because  many  more  character  state  occurrences  must  be
documented  according  to  the  increased  number  of  terminal  taxa.  Ingroups  are  consequently  most
often  relatively  small  in  size  and  diverse  with  respect  to  the  trait  under  study.  Consequently,
patterns  inferred  from  these  phylogenies  will  be  submitted  statistically  to  scale  effects.
Comparing  the  results  of  several  phylogenetic  tests  carried  out  on  different  clades  could  lead  to  a
bias  which,  in  turn,  could  prevent  a  statistical  estimate  of  the  general  prevalence  of  a  pattern  and
to  assess  the  validity  of  the  model  corresponding  to  this  pattern.  For  example,  if  someone  wants
to  study  the  evolution  of  flying  kinematics  and  behavior  in  insects,  he  would  probably  focus  on
Diptera,  as  this  is  the  order  which  is  currently  very  diverse  and  well-known  in  this  respect.  But  he
would  not  analyze  the  whole  order  of  Diptera  because  to  examine  hundreds  of  taxa  in  this  group
will  overwhelm  his  capacity  to  carry  out  phylogenetic  studies  within  a  few  years.  Thus,  he  would
select  a  few  groups  which  are  smaller  ,  which  have  been  already  partly  studied,  and  which  are
diverse  with  respect  to  flying  behavior.  Selected  groups  should  necessarily  be  diverse  (character
diversity),  otherwise  no  comparative  study  may  be  carried  out  for  want  of  different  states  of
traits  to  be  compared.

As  they  are  statistically  smaller  and  more  diverse  than  if  they  were  truly  taken  randomly  in
the  tree  of  life,  ingroups  may  present  a  non-random  selection  of  patterns  which  are  used  to  test
evolutionary  processes.  In  our  example,  our  Dipterist  would  have  certainly  not  selected  very
large  taxa  with  very  few  variation  in  flying  behavior  (  e.g  .  a  monophyletic  tribe  comprising  500
species,  of  which  499  have  a  first  kind  of  flight  and  only  one  another  kind).  These  groups  would
be  excluded  from  the  analyses.  Afterwards,  generalizations  based  on  these  studies  would  not  take
into  account  patterns  which  could  be  more  frequent  in  large  and  homogeneous  groups.  This  non-
random  selection  may  be  expected  to  be  particularly  biased.  Indeed,  the  diversity  of  a  given
character  should  statistically  increase  with  the  size  of  a  group.  Thus,  choosing  small  and  diverse
groups  excludes  most  of  groups  present  in  a  given  part  of  the  tree  of  life,  those  which  are  larger
and  moderately  diverse,  and  those  which  are  of  the  same  size  and  which  are  not  diverse.
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The  patterns  and  the  relevant  tested  processes  (Figs  7-8,  see  also  GRANDCOLAS  et  a/.,
1994)  are  listed  below  with  the  possible  bias  induced  by  the  choice  of  the  ingroup.  The  biases  are
mentioned  below  provided  that  all  things  are  equal  otherwise  in  the  ingroup  and  in  the  tree  of
life,  except  the  ingroup  size  and  the  diversity  of  the  character  under  study  in  this  ingroup.  These
biases  may  be  expected  statistically  only  (  i.e.  for  a  large  number  of  ingroups);  it  is  obvious  that  a
unique  and  particular  group  may  not  conform  to  the  statistical  expectation.

-  Polarity  (testing  for  adaptation,  Fig.  7):  size  and  diversity  of  the  ingroup  may  or  may  not
have  particular  scale  effects  regarding  this  pattem/process.  Polarity  cannot  be  expected  to  have  a
particular  value  in  a  small  and  diverse  group  and  only  depends  on  the  distribution  of  character'
states  on  the  taxa  and  on  the  structure  of  the  phylogenetic  tree.

Process  Pattern Example

Adaptation  Polarity

2  2  2  1  1

2  may  be
adaptive

Convergence  Homoplasy

3  2  2  3  3

L  M  N  O  P
2  in  M  is

convergent
with  2  in  N

Fig. 7. — Two patterns relevant to the phylogenetic test of two processes (see Grandcolas et al. , 1994 for more details).
From left to right, the process to be tested, the pattern to be searched for testing, an example of phylogenetic test with
its issue.

-  Homoplasy  (testing  for  convergence,  Fig.  7):  small  and  diverse  ingroups  may  present
statistically  less  homoplastic  patterns  because  of  the  decrease  of  the  number  of  subordinated
nodes  after  a  change  in  character  state.  The  bias  concerning  this  pattern  is  only  related  to  the  size
of  the  ingroup:  small  ingroups  do  not  allow  to  document  as  many  reversals  as  could  be  expected
because  small  ingroups  have  statistically  fewer  nodes.  If  there  is  a  change  of  states  of  a  character
at  a  given  node,  there  is  simply  more  cases  with  no  existing  subordinated  nodes  which  could
permit  to  document  another  subsequent  change  of  state  such  as  a  reversal.
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Process  Pattern

Adaptive  Differential
radiation  cladogenesis

Example
2  2  2  2  1  1

A  B  C  D  E  F
2  may  be
an  adaptation
which  caused

radiation

Coadaptation  Time  lag
/  Exaptation

II  II  I  I  I

2  2  2  1  1

A  B  C  D  E
2  and  II  may  be

coadapted  /

2  may  be
exaptive  in  A,B

Fig. 8. — Two other patterns relevant to the phylogenetic test of two other processes (see Grandcolas et al. y 1994 for more
details). From left to right, the process to be tested, the pattern to be searched for testing, an example of phylogenetic
test with its issue.

frequency  of  observed  time  lags  and  will  provide  us  with  fewer  corroborations  of  coadaptation-
exaptation.  This  statement  does  not  refer  to  a  probabilistic  approach  for  testing  coadaptation-
exaptation,  such  as  that  presented  by  Maddison  (1994)  for  challenging  the  views  of  Sillen-
Tullberg  (1988).  Probabilistic  approaches  deal  with  events  occurring  within  the  clades  while
our  statement  concerns  the  statistical  meaning  of  (in)congruent  results  obtained  from  several
clades.

-  Differential  cladogenesis  (testing  for  radiation,  Fig.  8):  small  ingroups  with  a  high  number
of  evolutionary  changes  cannot  show  relatively  differential  cladogenesis  concerning  the  trait
under  study.  Important  differential  cladogenesis  can  exist  by  definition  only  in  very  large
ingroups  because  they  imply  a  high  number  of  taxa  in  the  subgroup  where  occurred  the  most
important  cladogenesis.  This  can  prevent  to  test  for  the  importance  of  adaptive  radiation  which  is
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the  process  corresponding  to  the  phylogenetic  pattern  of  differential  cladogenesis  (GUYER  &
SLOWINSKI,  1991).  This  can  prevent  conversely  testing  for  the  role  of  evolutionary  stasis,
because  the  chosen  small  ingroups  with  a  high  number  of  evolutionary  changes  may  not  show
evolutionary  stasis.

Smaller  ingroups  are  also  statistically  and  relatively  more  recent  groups,  compared  to
larger  ingroups,  provided  that  both  are  taken  in  the  same  inclusive  monophyletic  group.
Depending  on  the  stability  of  evolutionary  rates,  this  could  lead  to  study  only  the  relatively  more
recent  evolutionary  events.  This  is  detrimental  to  the  tests  of  evolutionary  hypotheses  which  are
linked  to  particular  climatic  or  geological  periods  (but  we  can  note  that  using  too  large  a  group
could  also  lead  to  irrelevant  correlations  between  a  relatively  old  phylogenetic  pattern  and  much
more  recent  geological  or  climatic  events).  It  should  be  kept  in  mind  that  the  relation  between
ingroup  size  and  age  is  not  absolute  but  statistical.  There  also  exist  a  few  small  and  relatively  old
groups  among  all  possible  ingroups  taken  in  the  same  inclusive  monophyletic  group  (  e.g  .  the  so-
called  “relict  taxa”).

The  last  bias,  but  not  the  least,  is  related  to  the  relevance  of  the  ingroup  for  testing  a
particular  evolutionary  model.  The  phylogenetic  test  is  designed  to  refute  or  to  corroborate  the
prediction  of  an  evolutionary  model  taking  into  account  a  number  N  of  factors.  The  model  could
not  be  tested  correctly  when  only  (N  -  I)  factors  are  considered  in  the  phylogenetic  test.  This
situation  would  occur  if  (N  -  !)  factors  are  represented  as  apomorphies  in  the  ingroup  and  if  the
N  th  factor  is  represented  by  a  symplesiomorphy  of  the  ingroup.  This  factor/plesiomorphy  could
make  either  trivial  or  extremely  rare  the  pattern  corroborating  the  model  and  could  thus  bias
strongly  the  test  toward  corroboration  or  refutation.  A  recent  example  may  be  found  in  studies  of
Hymenoptera,  where  reversals  of  sociality  were  documented  in  Halictidae  using  phylogeny.
Packer  et  al.  (1994)  interestingly  questioned  why  so  many  sociality  reversals  occur,  while  no
appearances  were  documented.  Together  with  other  reasons,  the  phylogenetic  inertia  may  have
been  quite  important  in  biasing  the  tests.  In  Hymenoptera,  most  theories  of  social  evolution  put
forward  the  role  of  brood  care  for  favoring  sociality.  Higher-level  phylogenetic  analysis  shows
that  brood  care  (the  N  th  variable)  is  ancestral  to  Halictidae  and  this  could  bias  the  study  toward
a  minimization  of  appearance  events.  Only  studies  at  a  much  wider  phylogenetic  scale  could
adequately  document  appearances  of  sociality,  for  instance  succeeding  to  the  appearance  of
brood  care  and  not  preceding  it.  Another  example  deals  with  the  origin  of  complex  reproductive
behaviors  in  cockroaches.  These  behaviors  -  ovoviviparity  and  viviparity  -  evolved  following  the
appearance  of  “deposition  of  ootheca  after  sclerotization  ’,  which  is  apomorphic  in  cockroaches,
relative  to  mantids  and  termites  (GRANDCOLAS,  1996).  If  the  females  did  not  keep  their  ootheca
after  sclerotization,  they  could  not  have  evolved  toward  subsequent  retraction  and  nutrition  ol
oothecae  in  a  brood  sac  (ovoviviparity  and  viviparity).  Anyone  who  would  like  to  study
subsequent  evolution  of  reproductive  behavior  in  a  particular  group  of  cockroaches  should  not
forget  that  the  character  “deposition  of  ootheca  after  sclerotization  ,  plesiomorphic  at  this  level,
is  still  influential  (ROTH,  1989).

CONCLUSION

Comparative  biology  is  still  a  young  and  growing  research  field,  as  was  phylogenetics  when
HENNIG  (1965)  published  one  of  his  last  methodological  accounts.  Following  the  development  of
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phylogenetic  methodology,  it  is  now  necessary  to  elaborate  a  cohesive  methodology  which  can
take  into  account  the  possible  interrelations  of  phylogenetic  patterns  with  evolutionary  processes
(and  relevant  models).  This  is  generally  made  through  the  phylogenetic  test  of  patterns  which  are
expected  under  some  process  hypotheses.

As  a  contribution  to  this  methodology,  three  rules  are  proposed  which  could  improve
phylogenetic  analysis  both  intrinsically  and  extrinsically.  These  improvements  should  increase  the
phylogenetic  test  power  and  decrease  the  test  limitations.

First,  the  burden  of  hypotheses  in  phylogenetic  analysis  should  be  reduced  by  decreasing
the  number  of  unwarranted  hypotheses  (with  parsimony  use).  Comparative  biology  proceeds
using  hypotheses  only.  Adding  unwarranted  extra-hypotheses  is  detrimental  to  the  reliability  of
the results.

Second,  the  independence  of  phylogenetic  patterns  relative  to  process  hypotheses  should
be  enhanced  the  same  way,  by  decreasing  the  number  of  ad  hoc  hypotheses  used  to  infer  them.
Particularly,  to  test  an  hypothesis  of  process,  one  should  not  use  patterns  inferred  using  this  same
process  hypothesis.

Third,  statistical  bias  during  the  generalization  of  the  tests  should  be  minimized.  When
several  similar  tests  are  carried  out  on  different  ingroups,  their  results  may  be  compared  to
generalize  them.  The  possible  peculiarities  of  ingroups  should  be  taken  into  account  to  minimize
the  possible  bias  in  the  generalization.

The  first  two  rules  deal  with  a  general  problem  encountered  in  many  research  fields  of
evolutionary  biology.  Minimal  hypotheses  (sometimes  named  null  hypotheses  or  null  models,  e.g.
Patterson,  1994)  are  wanted  in  comparative  studies  as  well  as  in  population  studies  of
adaptation  (GOULD  &  Lewontin,  1979)  or  in  studies  of  biotic  interactions  (Quinn  &  DUNHAM,
1983).  These  minimal  hypotheses  are  needed  to  check  the  validity  of  the  ad  hoc  hypotheses  used
to  reconstruct  the  past.  Both  a  lack  of  minimal  hypotheses  or  an  abuse  of  ad  hoc  hypotheses  will
make  the  results  flawed  or  unreliable.  It  is  stressed  that  comparative  studies  should  take  this
principle  into  account,  for  consideration  paid  to  previous  methodological  analyses  in  evolutionary
biology.  We  must  not  reinvent  the  wheel  in  comparative  biology,  disregarding  methodological
advances  in  phylogenetics  or  in  evolutionary  biology.
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