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Abstract How  micro-  and  macroevolutionary  evolutionary  processes produce  phenotypic change  is without  ques-
tion one  of  the  most  intriguing end  perplexing  issues  facing evolutionary  biologists. We  believe that  roedblocks  to pro-

gress  lie A) in the underestimation  of  the  role  of  the environment,  and  in particular, that of  the interaction of

genotypes  with  environmental  tactors, and  B} in the continuing  lack of  incerporation of  development  into the evolu-

tionary synthesis.  We  propose the integration of genetic. environmental  and  developmental perspectives on  the

evolution  of  the phenotype  in the  form of  the concept  of  the  developmental reactlon  noiTn  (DRN) The  DRN  represents

the  set  of  multivariate  ontogenies  that can  be produced  by a  single  genotype  when  it is exposed  to environmental

variation,  lt encompasses:  1) the  processes  that alter  the phenotype  throughout  the  ontogenetic  trajectory. 2} the
recognition  that  different aspects  of  the phenotype  are  (and must  be) correlated  and  3) the ability  of  a  genotype  to

produce  phenotypes in different environments.  This perspective necessitates  the explicit  study  of  character  expres-

sion  during development, the evaluation  of  associations  between  pairs or  groups of  characters  (e.g.. multivariate

allometries).  and  the  exploration  of  reaction  norms  and  phenotypic plasticity. We  explicitly  extend  the concept  of the

DRN  to encompass  adjustments  made  in response  to changes  in the  internal environment  as  well.  Thus. 
'typical'

developmental sequences  (e.g., cell  fate determination) and  plastic respenses  are  simply  manifestations  of  different
scales  of  

'environmental'
 effects  along  a  continuum.  We  present: (1} a  brief conceptual  review  of three  fundamental

aspects  of  the generation and  evolution  of  phenotypes: the changes  in the  trajectories describing growth  and  dif-

ferentiation {ontogeny). the  multivariate relationships  among  characters  (allometry), and  the  effect  of  the environ-

ment  (plasticity); (2) a  discussion  of  how  these  components  are  merged  in the  concept  of  the  developmental reaction
norm;  and  {3) a reaction  norm  perspective  ef  major  determinants of phenotypes:  epigenesis.  setection  and  con-
   .stralnt.

Key  vvorcts:  phenotypic evolution,  reaction  norm,

allometry,  development, ontogeny,  heterochrony,

piasticity, constraint,  epigenetics,  selection,

Evolution is ultimately  defined at  the genotypic level as
the  ensemble  of  processes that causes  changes  in allele

frequencies, Yet, arguably  the most  fascinating aspect

of  evolutlonary  biology is the  bewildering diversity and
complexity  ob$erved  at  the phenotypic level. Given  the

only  vagueLy  understood  relationship  between  geno-
types  and  phenotypes, the evolutionary  modification  of

the  phenotype remains  one  of  the  mest  intriguing pro-
blems in modern  evolutionary  biology. Our limited un-

derstanding stems  from several  different seurces:  the

myriad  genetic programs  being carried  out  in the  differ-
ent  tissues  of  a  living organism  and  the necessity  of  in-

tegrating the products of such  programs; the  capacity

of  epigenetic  systems  to magnify  the effects  of simple

genetic changes,  or  minimize  effects  of  major  ones;  and

the malleability  of the deve[opmental processes in the
face of alterations  in environmental  conditions,

 We  believe that a  comprehen$ive  view  of phenotypic
evolution  must  explicitly  incorporate three aspects  of

phenotypic expressien:  genetics,  development and  en-

vironment.  A  phenotype  results  from  a  complex  and  in-

extricable interaction between  genes  and  environments

throughout  deveiopmental time.  Any  given characteris-

tic of  an  organism  is the  product of  interactions among
those  genes and  traits expressed  during earlier  stages,

and  the  construction  of  a phenotype  cannot  be uncou-

pled from  the particular environment  in which  it has de-
veloped,  ln this paper we  combine  the perspectives of

genetics, development  and  environment  in a  repre-

sentation  of  the phenotype we  refer  to as  a develop-
mentalnorm  of  reaction,  i,e, the set  of  ontogenies  that

can  be potentially produced by a  single  genotype  when

it is exposed  to different environments.  The  develop-
mental  reaction  norm  encempasses:  the processes that

alter  the phenotype  throughout  the  ontogenetic  trajec-

tory; the recognition  that  different a$pects  of  the

phenotype  are  (and must  be) correlated;  and  the  ability

of a genotype  to produce phenotypes  in different en-
vironments,  We  see  three  fundamental  concepts  aris-

lng from or  congruent  with  this perspective:
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  1) The  developmental norm  of  reaction  is itself the  ob-

ject of  natural  setection.

  2) The  innate complexity  of  genetic  systems

necessarily  leads to  emergent  properties, arising

through epigenetic  processes  that translate local genet-
ic rules  into the interacting component$  ef  the global
phenotype.

 3} Both the control  of  the development  of  complex

phenotypes  and  the capability  of  these  systems  to res-

pond  to environmental  variability  (internal or  external)

require  a  system  of  balanced regulatory  interactiens.

  Following from these,  adaptive  phenetypic evolution
is necessarily  a complex  process operating  at  several

levels, The  production  of  new  variants  leads to

modifications  of  the  developmental-epigenetic system,
and  formation of a new  phenotype, Evolutionary forces
then  act  directly on  the available  phenotypes, indirectly
setecting  an  epigenetic  system  on  the  basis of  the

underlying  variabiiity  (Fig. 1 }, There are  two  sources  of

new  variants:  genetic  changes  (e,g,, mutation,

chromosomal  rearrangement$,  gene  duplication,
transposition,  and  gene  conversion),  and  environmen-

taHy  induced changes  {i,e,, phenotypic plasticlty).
These give  rise  to alterations  of  the epigenetic  system

{heterochrony, heterotopy, changes  in quality and  quan-
tity of  gene  action},  leading to new  phenotypes, When
genetic  variation  is initiaily present, evolution  w"1  occur

due  to the processes  of directional, stabilizing,  and

disruptive selection:  selection  favors  certain

phenotypes,  and  substitutien  of  those  aLLeles  producing
the favored phenotypes  occurs.  Lacking initial genetic
variation,  evolution  can  operate  through the less
familiar process of  genetic assimilation:  a  plastic
response  to the selective  environment  allows  the organ-

ism to persist, until the previous  genotype  can  be
replaced  through  selection  and  allelic substitution  of

later arising genetic variation,

 We  begin with  a  short  historical overview,  followed

by a  very  brief discussion of  current  modelling  views  of

phenotypic  evolution.  This leads to the  core  of this

paper where  we  present: (1 } a brief conceptuai  review

Phenetype

Fig, 1.A  representation  of  the  factors contributing  to changes  inphenotypic  expression.
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of  three  fundamental aspects  of  the generation and

evolution  of  phenotypes:  the  changes  in the  trajec-

tories describing growth  and  differentiation (ontogeny),
the multivariate relationships  among  characters

(allometry), and  the  effect  of  the  environment  (plasti-
city); (2) a discussion  of how,  for a more  comprehen-

sive  understanding  of  phenotypic evolution,  these  com-

ponents are  being and  should  be merged  in the concept

of  the developmental reaction  norm;  and  {3) a reaction

norm  perspective of two  major  determinants  of

phenotypes: epigenesis  and  constraints,

1, HistoricatOverview
The  concepts  of  changes  in the ontogenetic  trajectory,

correlations  among  characters,  and  response  to differ-

ent  environmental  conditions,  which  we  combine  into

the  definition of  the deveLopmental reaction  norm,  are

not  new.  In fact, they  all were  proposed by the  end  of

the last century  er  the beginning of  this one.  For histori-
cal  and  technicaL  reasons,  however.  they  have not  been

discussed within  a  common  framework, and  the few  at-

tempts  to introduce  them  into the  current  paradigm  of

evolutionary  biology have failed until  recent  times  {Got-
tlieb, 1992; Hall, 1992; Rollo, 1994},

  Three authors  made  slgnificant  contributions

towards  the synthesis  that  we  are  advocating,  and

they  have been generally ignored, dismissed or con-

sidered  as  interesting peculiarities for half a century.

Historically, ideas similar  to some  of  those  portrayed
here were  maturing  by the end  of  the 1930's or the

beginning of the 1940's in the  work  of three  resear-

chers:  R.B. Goldschmidt in Germany,  1,1, Schmalhausen

in Russia, and  C.H, Waddington  in Engtand,

  ln 1 940 Goldschmidt published his very  controversial

book, 7he materialbasis  ofevolution,  attacking  the  nas-

cent  
'modern'

 evolutionary  synthesis  on  the  basis that

neodarwinism  provided a parochial explanation  of

evolution,  limited to microevolutionary  phenomena
{Goldschmidt, 1940). For him, the  reaL challenge  was

explaining  the evolution  of  new  species  and  especially

new  body  plans, a challenge  he felt was  clearly beyond

the  limits of the theoretical framework  of  Dobzhansky,

Mayr  and  Simpsen, Hls view  ef  macroevolution,  how-

ever,  was  much  more  comprehensive  than  the  typical

caricature  of the  
"hopeful

 monster",  He  argued  for a

major  role  of  chromosomal  rearrangement,  on  the basis

that, given  the complexity  of  phenotypes,  only  such

rearrangements  of the  already  existing  pieces were  like-

ly to bring workable  alternative  solutions  to the mor-

phology of  an  organism.

  Goldschmidt reviewed  examples  of  environmentally-

induced phenotypes  mimicking  known  mutations  (he
coined  the  term phenocopy  for such  cases),  which  in

his view  are  a  phenomenon  of  general biological impor-
tance,  because they  provide  hints about  gene  action,  lf

a mutation  behaves  exactly  in the same  way  as  the

 phenocopy,  it is logical to conclude  that  this mutation

induces a similar  effect:  the affected  gene{s} work

faster or  slower,  Goldschmidt also  considered  how  the

internal environment  affects  the creation  of

phenotypes, discussing in particular what  was  then

known  about  hormonal action. He  concluded  that the

regulatory  action  of both external  and  internal en-

vironments  can  produce astonishingly  different

phenotypes in genetically very  similar  backgrounds.

  Goldschmidt finally discussed the  effect  of  mutations

on  early  development, He  uses  examples  of the current-

ly fashionable homeosis  as  a major  explanation  of  how

developmental mutants  can  trigger the  production of

radically  altered  phenotypes. The  emphasis  on  action

early  in development  was  based on  de  Beer's (1940)
idea that  characters  are  much  more  interrelated at the

beginning of  the  ontogenetic  trajectory: mutation  and

selection  acting  at  those  stages  would  certainly be

much  more  effective  in reshaping  the  entire  phenotype
{Stebbins Jr., 1 950; Arthur, 1 988). This point has  also

been reemphasized  recently  by West-Eberhard  (1989),
and  experimentalLy  supported  by Atchley (1984), (but
see  Raff et al., 1991; Wray, 1992, 1995).

  Schmalhausen (1949) published his main  contribu-

tion to evolutionary  biology  under  the title hactors of

evolution:  the theory  ofstabiLizing  se/ection,  His basic
idea is simple  and  powerful: evolution  is the  process of

how  the developmental systems  of  living organisms  are

altered  to change  the  norm  of  reaction  to initially cope

with,  and  Iater anticipate,  the  environmental  stimuli,

Schmalhausen  begins by defining and  discussing the

concept  of  norm  of  reaction.  He  directs our  attention  te

the  manifold  effects  of  mutation  and  to their environ-

mentally-induced  variability  in expression  (here coming
cLose  to the idea of phenocopy,  so  clearly  expressed  by

Goldschmidt). He then  introduces two  important  con-

cepts:  the distinction between  a  labile and  a  stable  or-

ganism  (i.e., a plasti¢  and  a  non-plastic  one);  and  the

idea of  a 
"normal

 phenotype", the  resuLt  of  past  direc-

tional selection,  end  currently  maintained  by what  he

termed  stabilizing  selection.  the  selection  against  ex-
                 " 1! ...
tremephenotypes.A  new  normofreactionarisesin-

itially because environmental  changes  expose  a differ-

ent  portion ef  the  existing reaction  norm.  There is then

selection  for mutations  that  improve the norm  of reac-

tion in the direction of  the  environmental  change,

followed by stabilizing  selection  on  the  new  norm  of

reactlon,

  Schmalhausen emphasized  that this  sequence  of

event$  implies the  shift  from a  reaction  to the  environ-

 ment  due  to differential allelic sensitivity  (a simple

 result  of  the  biochemistry or  physiology of  the organ-

 ism), to a  more  complex  reguiatory  system.  This sys-

 tem  is capable  not  only  of changing  with  the environ-

 mental  conditions,  but of  anticipating  the  environmen-

 tal demands  {Like the humidity-driven switch  in many

 semi-aquatic  plants between  linear and  dissected

 leaves, or the  photoperiod-induced abscission  of  leaves
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in many  deciduou$ piants}.

  Waddington's  ideas on  development  and  evolution

appeared  in definitive form much  later than the other
two  authors  (7he strategy  of  the genes, Waddington,
1 957), but his basic intuitions and  the  experiments  sup-

porting them  were  published  starting  from the early

1940s, Central to the  way  in which  Waddington
perceives  development  is the  idea of  canalization:  the
tendency  of a genotype  to foliow the  same  devetop-
mental  path even  in the face of  internal or  external  per-
turbations. Canalization, in his conception.  is clearly

the result  of  natural  selection,  and  from both  its defini-
tion and  the examples  portrayed  to support  it (e.g,, envi-

renmentally  cued  metamorphosis  in amphibians,  hetero-
phylty in plants), the concept  of  canalizing  selection is
very  similar  to the idea of  stabilizing  selection  on  the

new  norm  of  reaction  proposed  by Schmalhausen  (who
acknowledged  profound  similarities  between his think-
ing and  Waddington's), The  process described by
Schmalhausen  of change  from the old norm  to the new

one  through  an  initially environmentally-induced

response  is basically Waddington's  notion  of  genetic as-
similation  (Waddington's later attempt  [1 961 ] to distin-
guish  the two  notwithstanding).  In fact, genetic  assimi-

lation was  originally defined as  the process by which  a

phenotypic character  initially produced  as  a response

to some  environmental  influence, is stabilized  due  to na-

tural selection  and  finally occurs  even  in the absence  of

the  previously necessary  external  influence (Wadd-
ington, 1942}. This is an  explicit  vlew  of  reaction

norms  as  the  objects  of  selection,

  Waddington  demonstrated  the  occurrence  of  genetic
assimilation  with  his famous  series  of  experiments  on

Drosophilb subjected  to heat shock  during larval devel-
opment.  He  began  with  a stock  of  flies that produced a
novel  phenotype  in low frequency when  subjected  to
heat shock  at an  early larvai stage,  After several genera-
tions, he observed  the  appearance  of  the novel

phenotype  in the absence  of  the  heat  shock  (Wadd-
ington, 1952, 1953, 1959}, He  later generalized $uch
findings to different traits and  environmentaL  stimuLi

{Waddington, 1961),

2. CutTent ,4pproaches  to Rhenotyoic Evolation

  The  conceptual  framework proposed  by
Goldschmidt, Schmalhausen  and  Waddington has not

been incorporated into current  models  ot phenotypic
evoLution,  Most  of these  have  been derived from the

statistical-genetic  underpinnings  of  the modern  synthe-

sis established  by Fisher, Wright and  Haldane and  pro-
mulgated  by Dobzhansky,  Mayr and  Simpson.  The  em-

phasis in early  models  and  their current  elaborations

has been on  simpie  genetic systems-mostly  many

alleles  with  small  additive  effects.  One  main  reason  for
this emphasis  ls that  the mathematical  treatment  of

these  systems  can  be based on  sets  of  simple  linear
equations,  which  allow  analytical  solutions  of general

validity,  Few  explicit  attempts  have been made  to in-
clude  development  and  epigenetics  into these  models

because  they  introduce non-linear  effects  leading to

mathematical  intractability and  soiutions  that are  not

generalizable.

  There are  two  main  current  approaches,  optimization

modelling  and  quantitative genetics. Although  optimiza-

tion models  allow  the fitness function (i,e,, the  mapp-

ing of  phenotypes  onto  fitness, or  the adaptive  Iand-
scape}  to change  depending on  the conditions  of the

population (e,g., frequency-dependent  seiection},  their
major  Iimitation is that they  do not  address  at all the ge-
netic  basis of  phenotypic evoiution,  These modeis

assume  that  the genetic variation  necessary  for selec-
tion to operate  will be present  in the population. This im-
plies that  there  are  no  genetic  constraints  (and thus  no

development  or  epigenetics}  and  that phenotypic evolu-
tion is governed  only  by  conflicting  selective  pressures.
  Quantitative genetics, en  the other  hand, specifies  a

particular genetic basis fer phenotypes, but generally
assumes  both temperal and  spatial  constancy  of  the ge-
netic  variance-covariance  matrix, and  of  the  fitness sur-
face  {i.e,, the relationship  between  character  states

and  fitness is fixed}, Also, the genetic system  govern-
ing phenotypic traits is assumed  to be very  simple  {but
see  Barton and  Turelli, 1989). These  limitations have
been recognized  (Turelli, 1988; Schlichting and  Pigliuc-
ci, 1 995a), and  attempts  have been made  to merge  the
two  appfoaches  (Roff, 1994). However,  as

Chariesworth (1990} argued,  a simple  mapping  of  ge-
netic  constraints  (quantitative genetics)  onto  func-
tional limitations {optimization models)  is possible  only

in very  simple  situations  (e.g,, the case  of two  traits
governed  by a  trade-off, based on  a negative  genetic
correlation).  Additionaily, when  we  censider  a  complex

multivariate  phenotype,  simple  genetic correlations  are

not  necessarily  reliable  indicators ot functional con-

straints  or  tradeoffs anymore,  as  pointed  out  by Houie
(1991),
  Other attempts  have  been made  to include a more

complex  view  of  the phenotype  within  the quantitative
genetics  framework,  Although explicitly  recognizing

the roie  of developmental processes  in evolution  (e.g.,
Atchley and  Hall, 1991; Cowley and  Atchley, 1992),
the  inclusion of  more  statistical  terms  (e.g,,
"epigenetic"

 components)  into the  model  does not  ad-

dress the fundamental issues either.  What  is needed  is
a mechanistic  analysis  of  how  variation  arises  and  is
filtered through development: seiection  operates

throughoutthe  life cycle,  and  a view  limited to the  adult

phenotype  is therefore  insufficient to account  for its
effects in shaping  phenotypic  evolution.  From  this point
of  view,  one  problem with  the current  synthesis  is an
imbalance between  an  emphasis  on  population-level

phenomena  (dealing with  how  novelties  spread)  vs.  in-
dMdual-level processes (dealing with  the origin  of  phe-
notypic  novelties},
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Developmental Reaction Norms:  Allometry, Ontogeny

and  Plasticity

Coined by  Woltereck in 1909  (Woltereck, 1909}, the

term  reaction  norm  defines a  suite  of phenotypes

(potentia"y or actually}  produced by a single  genotype
when  the  development occurs  in a  given range  of en-

vironments.  {lt is interesting to note  that  Woltereck us-

ed  the  existence  of  reaction  norms  as  an  argument

against  the  concept  of  the genotype  [Johannsen.
1911]}. From  a practical standpoint,  reaction  norms

can  be measured  as  average  responses  of  genotypes,

populations, or  species,  depending on  the Level of  analy-

sis one  is interested in (much in the same  way  that sim-

pLe character  mean$  rneasured  within  an  environment

can  be averages  at any  of  the  same  levels),

  The  determinants  of  the  reaction  norm  that we  will

consider  are:  (a) ontogenetic  trajectories, describing
the unfolding  of  the developmental program; (b}

allometry,  measuring  the  relationships  among  in-

dividual traits of the  whole  organism;  and  {c) plasticity,
as  a measure  of  the magnitude  and  pattern  of  the

response  to the external  environment,

1, Ontogeny
The  ontogeny  of  an  organism  includes a"  events,  both

quantitative and  qualitative, occurring  from the single

cell through  the  adult  stages,  As a  field of  a study,  de-

velopmental  biology is much  older  than  evolutionary  bi-

oLogy  itself, and  its practitioners have been  interested

in not  only  documenting  patterns, but in identifying

general rules  for the  production of  organismal  ferm, as

well  as  evolutionary  relationships.  It is, however,  a field

in rapid  expansion  because of  the  very  recent  advances

of molecular  deveLopmental genetics in both animal  and

plant model  systems  (e.g., Akam  et  al., 1994b),

  The  quantitative events  that  occur  during the on-

togeny  of an  indMdual  (e.g., increase in size)  can  be

visualized  as  an  ontogenetic  trajectory {Alberch et al.,

1 979), with  the qualitative events  (e,g,, differentiation,
metamorphosis,  etc.}  corresponding  to particular

points on  the trajectory {e,g, {Creighton and  Strauss,
1986; Strauss, 1990), The  trajectory can  be described

mathematically,  usually  by means  of  a  sigmoidai  func-

tion {although other  functions may  be used  as well}

{Fig, 2}, As  the link between the  genes and  the  adult

phenotype, ontogeny  represents  the ensemble  of  pro-
cesses  by which  local genetic rules  are  translated into

functional  phenotypes, that is the epigenetic  system.

2. A"ometry
Allometry is a concept  originally  developed by Huxley

{1932} in reference  to the proportional growth of  one

character  relative  to a second  character  (e.g,, changes

in aspects  of the horse sku-  (Radinsky, 1984)), or  to

some  measure  of overall  organ/body  size  {e.g,,

oa'-o=o=a

enotype  t

enotype  2

enotype3

      developmental  time, ln one  environment

Fig. 2, A  depiction of  the ontogenetic  trajectories  of  three

 genotypes grown  in a  single  enviroment,  The  phenotypic

 trait increases through  time, eventually  reaching  a constant

 value  at  maturity,  Genotype  1 has a steeper  growth  trajec-

 tory. and  achieves  a  larger final size.

brain:body size; Lande, 1979}, ln Huxley's view,

a"ometry  referred  specificalLy  to phenomena  in which

the rate  of  growth  of one  feature does  not  equal  the

rate  of  growth  of  the second  feature ".e., the  allemetrtc

coefficient  is greater than  or less than  one),  in contrast

to isometry,  which  represents  the  special  case  where

two  features increase in size  at  exactly  the  same  rate

{i.e,, the  allometric  coefficient  equais  one},  Huxley's

description has since  been  generaLized (Cock, 1966;

Gould, 1966; Cheverud, 1982} to include regression

analyses  based on  measures  on  muttiple  indMduals

taken  at  a specific  developmental stage,  often  maturity

(static allometry:  Fig, 3), as  we"  as  on  species  means

along  a phylogeny {evolutionary allometry}.  Allometric

associations  have  been  used  to infer shared  develop-

 -

 =
 oE

 E populatlon1
 .;$2

 o
 Latlon2

 ,Egg

 
tvest

 lation3

E
 -rv.-.-
 2-
       trait 1, at edult  $tage,  ln one  environment

Fig. 3. A  representation  of static allometry  at the adult

 stage  in a  single  environment,  The  three  populations differ in

 the relationships  between  traits 1 and  2, Populatien$ 1 and

 2 show  a  positive  relationship,  whereas  in population 3,

 there is no  correlation  between  the  two  traits,
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mental  mechanisms  and  to examine  evolutionary

phenomena  underlying  the  observed  patterns.
  The  empiricai study  of  allometry  allows  us  to deter-
mine  how  characters  are  correlated  and  therefore

potentially integrated into the  whole  phenotype,
Recently, the  idea of  phenotypic integration has been
at the center  of  increasingiy sophisticated  muStivariate

approaches  to the  study  of allometry  {e.g., Jolicoeur,
1989; Klingenberg and  Zimmermann,  1992; Kl-
ingenberg and  Spence, 1993). It is now  possible to
describe the complex  interrelationships among  many

traits simultaneously,  as  well  as  the  variation  in natural

popuiations for the way  integration is achieved,

3. Rlasticity

The  concept  of phenotypjc  plast]city is so  tightly con-
nected  with  the idea of  reaction  norm  that the  two  are

often  considered  to be synonymous,  although  they  are

technical}y distinct, The  idea of reaction  norms  is as  old

as  the distinction between genotype  and  phenotype  in-
troduced  by Johanssen  (1911} at the  beginning of  the
century,  lt was  greatly elaborated  by Schmalhausen
(1949), and  brought again  to the  evolutionary  debate
by Bradshaw {1 965), followed more  recently  by a num-
ber of other  researchers  {e,g., Schlichting, 1986;
Sultan. 1987; Stearns, 1989; West-Eberhard, 1989;
Schlichting and  Pigiiucci, 1995b).

  Conceptualiy, the reaction  norm  can  be imagined as  a

genotype-specific function defined on  a cartesian  plane
with  some  measufe  of  the environment  on  the
abscissa,  and  a  measure  of  the  phenotypic  trait on  the

ordjnate  (Fig. 4). Plasticity is a particular attribute of
the reaction  norm  describing any  case  in which  the reac-

tion norm  of  a genotype  is not  flat (i.e., it is not  a line

parailei to the environmental  axis).  There are  currently

two  c[asses  of  phenotypic plasticity recognized  {Smith-
Gill, 1983): phenoty)oic modulation,  where  the pSastic

ea'-o=

¢

=a

otype1

otype  2

otype3

         .
      environment,  at one  developmental  stage

Fig. 4. Atypical reaction  nofm  diagram  representing  the ex-

 pression of  a  singie  phenotypic trait {e,g., ptant height)
 measured  at one  point in time in several  environments  (e,g.,
 across  a  nutrient  gradient), ln this example,  there  is varia-

 tion among  the  three  genotypes; 1 and  2 disptay different

 plastic responses.  whiie  3 is non-ptastic.

responses  are  a  continuous  and  proportional function
of  the  environmental  stimulus  (e.g., plant height in-
tluenced by nutrient  availability,  water  or  light; thorax
length in Drosqphi7b influenced by temperature);  and  de-
vetopmentai  conversion,  where  respenses  are  of  a

threshold  type and  are  not  proportional to the  stimulus

{e,g., an  initial environmental  cue  triggers a series  of de-
vetopmental  events  in the organism  such  a$  germina-
tion, flowering, shade  avoidance  response,  and  hetero-
phylly in plants),
  Empirically, reaction  norm  plots a"ow  the  researcher

to trace the way  different genotypes  respond  to a  given
set  of  environmental  changes  (e.g,, Gupta and  Lewon-
tin, 1982}. The  spread  and  amount  of crossing  of the
reaction  norms  in such  diagrams  {Fig. 4) is a repre-

sentation  of  the  genetic  variation  for character  means

and  plastic responses  in the  given population  (de Jong,
1995).

4. ALlometryandOntogeny
The  first two-way  interaction among  the three  basic
concepts  just reviewed  is that between  allometry  and

ontogeny.  Allometry is often  measured  as  a  deveiop-
mentally  static  entity,  usually  using  data from  adult  in-
dividuals; at the  same  time, most  published papers  on

ontogenetic  trajectories consider  one  character  at  a
time, lf we  combine  the two  perspectives  {Fig. 5), we
appreciate  that allometric  coefficients  can  show  com-

plex  dynamics  throughout ontogeny,  as  recentiy

pointed out  by a  number  of  authors  {Dragavtsev and
Utemisheva, 1975;  Zelditch, 1988; Ketiogg, 1990; Kl-
ingenberg and  Zimmermann,  1992; Jones, 1993;  KI-

rv....esljv=esT-,=est=

 populatlon1
$g
 population2

oE-!.9=oOt

 populatlon 3
.y:oEo=es

 dovelopmental time, in one  environment

Fig, 5, Combiningaliometryandontogeny:arepresentation

 of  the  relationship  between  traits (e.g.. plant height and

 new  leaf productioni as  a  function of  developmental  time,

 measured  in a  single  environment,  The  two  traits have  a con-

 stant  relationship  for population 1 throughout  development.

 but the relationship  changes  in each  of  the  other  popula-
 tions.
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ingenberg and  Spence, 1993;  Bonser  and  Aarssen.

1994}. For example,  Pigliucci et al. {1996} found for
Lobeha  siphiYitica  grown  under  high nutrients  that the
correlation  between  leaf production and  plant height
declined  from O.63 to O.02 between  the fourth and

tenth  week  of  deveLopment,

 The  study  of  such  diagrams yields a better under-

standing  of how  phenotypic  integratiQn in the adult  is
forged throughout  development, Furthermore, in this
way  it is possible to pinpoint periods of  the  ontogeny

when  the correlation  between  two  traits is stronger  or

weaker.  If thi$ correlation  has a genetic  basis, this
means  that there  will be more  or  less favorable oppor-

tunities for selection  to act, depending on  which

ontogenetic  stage  is going to be affected  by selective

pressure$ (as has been  pointed out by Atchley,  1984),

The  detailed knowledge  of the  occurrence  of  such  
"win-

dows"  can  add  an  entireiy  new  dimension to the  evolu-

tionary consequences  of  character  correlations,  as well

as  point to alternative  strategies  of plant or  animal

breeding (e,g., in cases  in which  one  wants  to apply

selection  on  two  traits in a direction that would  be op-

posed by the  existing  correlation  at the adult  stage).

5, A"bmetryandlVesticity
The  connection  between  allometry  and  plasticity opens

the  way  to the understanding  of the other  side  of  varia-

tion in allometric  coefficients:  their environmental

dependence.  Allometry is usually  measured  in a single
environment  ("common garden" conditions},  the  intent
being to characterize  the  genetic variation in phenotyp-
ic correlations,  leaving out  

"environmenta4

 noise",  At
the  same  time, ptasticity is usually  studied  on  single

characters,  with  reaction  norms  for separate  traits plot-
ted  against  the  environmenta)  variable(s)  and  then  com-

pared  in a qualitative way.  However,  we  now  know
that both phenotypic and  genetic correlat[ons  (and
therefore  allometric  coefficients}  may  change  dramati-
cally  when  the same  set  of  genotypes is raised  in differ-
ent  environments  (Lechowicz and  Blais, 1988;

Schlichting, 1 989a,b; Stearns et al,, 1 991 ; Platenkamp

and  Shaw, 1992;  Thompson,  1992; Andersson  and

Shaw,  1994; Bonser and  Aarssen, 1994;  Mi"er et  al.,

1994; Schmid  and  Doit, 1994; Windig, 1994;
Cheplick, 1995; Hakkarainen and  Korpimaki, 1995;
Pigliucci et  al,, 1995; Schlichting and  Pigliucci, 1995b),
For example,  in the previously  mentioned  study  on

Lobeha {Pigliucci et al., 1996), the correlation  of  ieaf
number  and  height at week  ten was  O.02 in the high
nutrient  treatment,  but O.66  under  low nutrients.

  These kinds of  data telt an  analogous  stery  to  the one

related  by the ontogenetic  changes  of  allometric

coefficients:  atlometry  is not  an  invariant property  of

certain  characters,  lt can  be aitered  when  the  environ-

mental  conditions  are  changed  (Fig. 6}, This has again

both evolutionary  and  practical consequences  on  the

correlated  response  of several  traits to selection,  which
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Fig. 6. Combining  allometry  and  plastieity: a representation

 of the effect of changing  the environment  {e.g., decreasing

 food supply)  on  the  relationship  between  traits (e.g., body

 size and  reproductive  output),  measured  at  a  single  develop-

 mental  stage.  The  allometric  coefficient is unaffected  by the

 environment  for Population 2, but changes  {i$ plastic} in the

 other  two  populations.

is going  to be different in different environments,  as

elegantly  demonstrated  by Neyfakh and  Hartl {1993}.

6, Ontogenyandi?lastibity
Reaction norms  are  usualiy  studied  at the  adult  stage,

mostly  for simplicity  (following several  genotypes in
different environments  throughout  their growth  can  be
cumbersome).  Anafiogously, ontogenies  are  often  char-

acterized  for organisms  raised  in one-usually  standard-

ized-environment.  But, like any  other  aspect  of  the

phenotype, reaction  norms  originate  through  a  develop-

mental  process, and  should  therefore  be studied  from a

developmental  perspective in order  to be properly

understood  (Stearns, 1982, 1983), Some  researchers

have recently  addressed  the plasticity of  ontogenetic

trajectories in a few  model  systems  (Matthies, 1990;
Diggle, 1991a,b, 1993, 1994; Jones, 1992,  1993,

1995; Pigliucci and  Schlichting, 1995; Pigliucci et al.,

1996), Jones  (1995), utilizing  a  detailed ontogenetic

analysis, demonstrated that less-lobed, more  juvenile
looking shade  leaves of  Cucurbita arose  through  plastic
responses  rather  than  as  a prolongation of  the  juvenile
phase.
  Such  ana{yses  directly provide insights into how  the

parameters affecting  grewth  (enset, offset,  and  rate  of

developmental events)  are altered by changes  in en-

vironment  {Fig, 7), Some  characters  may  have  a  very

stable  ontogeny  across  a wide  array of  conditions,

while  others  can  be extremely  sensitive  to changes  in
the  environment.  A  knowledge  of these  differences
would  help our  understanding  of  the developmental
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gesa

Fig, 7. Combining ontegeny  and  plasticity: the  lines aleng  the development time  axis  represent  the  ontoge-

 netic  trajectories  for a slngle trait {e.g., body  mass]  measured  across  several  different environments  (e.g.,
 different temperatures}. The  trait attains  low values  in some  environments  and  higher values  in others,

mechanism  itself, and  of  how  some  parts of  it evolved
to either  be resistant  or to respond  flexibly to hetero-

genous  conditions,

7, 77)e three-way  integration: Complexity in the
   Study  of  Rhenot)tpes
We  have presented  the progression from isolated views
of  phenotypes  based on  aSlometry,  ontogeny  and  plasti-
city, to the  possibie two-way  interactien$ between
them,  The logical extension  of  this progression leads to
the  complete  integration of  the  three  aspects  of

phenotypes  so  far discussed (Pigliucci and  Schlichting,
1995; Pigliucci et  al,, 1996). Ontogeny  can  be meas-
ured  for multivariate  traits and  across  environments;

allometric  coefficients  can  be calculated  under  different
conditions  and  throughout  the  ontogeny;  and  reaction

norms  of character  correlations  can  be plotted at differ-
ent  times  during the  development (Fig. 8},

  Clearly, both the environmental  and  the phenotypic
axes  are  themselves  multidimensional  in the real world,

and  we  recognize  that it is impossible  to capture  the

whole  of  organismal  complexity  in a  single  graph.  The

point, however, is not  just to present a  different or

more  complete  way  to graphically visualize  the

phenotype, The  important message  is that the concept

of  the developmental  reaction  norm  as  characterized  by
the three-way  interaction can  provide us  with  new  in-
sights  into how  phenotypes  are  generated and  evolve,

 This integrated view  explicitly addresses  the  poten-
tial for: {1} the  environment  to modify  developmental

trajectories; (2) different developmental stages  to be
more  plastic than  others;  and  (3} the changes  of  cor-

related  character  complexes  to be substantially  more  in-
tricate than  single  traits considered  in isolation, Thus,
we  suggest  an  integrated view  of  the  phenotype as  the

genotype-spe ¢ ific response  of  ontogenetic  trajectories

to environments,  We  consider  the developmental reac-

tion norm  as  the object  of  selection,  leading to the  con-

clusion  that  selection  can  differentially affect the
phenotype  depending on  its time  and  place of  action,  a

result  that, while  obvious  in this context,  is virtually  ig-
nored  in current  models  of  phenotypic evolution,

  Admittedly, few  researchers  will find it necessary  or

even  possible to address  all these  facets within  a single

study.  However,  what  we  are  advocating  is a change  in

perspective, leading to the continuous  awareness  that
all those  pieces  are  there even  if we  ignore some  of

them  for the sake  of convenience.  Ultimately, our  abili-

ty to understand  the  intricacies of phenotypic evolution
will depend  on  our  capacity  to integrate its separate
components.  After all, even  though  we  are  forced to
focus en  parti¢ ular  aspects  of  the organism  at any

given time, natural  selection  continues  to operate  on

the  complex  whole,

Evolution of  Developmental Reactien Norms

tn our  view,  the evolution  of  developmental reaction
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Fig. 8. The  deveiopmental  reaction  norm:  Combining  allometry,  ontogeny  and  plasticity. This is a  diagram-

 matic  representation  of  the change  in a multivariate  phenotype  (e.g., the correlation  between  flower produc-

 tion  and  plant height) through  development,  and  in different environments  {e.g,, a nutrient  gredient). The

 aHometric  coefficient  is unaltered  through time  in one  environment.  but the two  traits become  more  and

 more  uncoupled  through development as  the nutrient  level changes,

norms  proceeds by means  of  alterations  of  the epigenet-

ic system.  In this section  we  discuss the mechanistic

bases of epigenetic  systems,  and  ultimately  of

phenotypes.  We  then  consider  the mean$  by which  de-

velopmental  reaction  norms  can  be altered,  and  finalLy

we  discuss the  evolutionary  outcomes  of  the selective

forces and  the constraints  acting  on  phenotypes.

  Evolution  can  be examined  by analyzing  changes  in

the genetic composition  of  populations and  species.

The  raw  material  for such  changes  is provided by a

panoply of  
"mutational"

 events:  point mutations,

chromesomal  rearrangements,  gene  converslon,

mobilization  of tran$posons  and  changes  in methyla-

tion patterns {among others),  Each  of these  can  modify

the  environment-specificity  of  the epigenetic  system  to

produce  changes  in the  developmental reaction  norm,

  Alternatively, we  can  study  the  phenotypic effects

accruing  from  these  various  causes:  the  commonly  in-

voked  heterochrony (changes in timing  or  rate  of  devel-

opmental  events),  canalization  (reduction of  develop-

mental  instab"ity), or less well  understood  phenomena
such  as  modifications  of ce"  movements  or ot the  plane
of cell division, alterations  in tissue  induction  and  differ-

entiation  patterns, and  structurat  changes  in receptors

or  in a"osteric  enzymes  {Monteiro et al., 1994; Niehrs
et al,, 1994; Schmidt, 1994; Williams et al., 1994;

Wolpert, 1994; Kondo  and  Asai, 1995}.

1, TheEPigeneticSystem
Since the  discovery that DNA  is the  

"information"

 mole-

cule  that  organizes  the  development  and  function  of  Iiv-

ing organisms,  evolutionary  biology  has slowhy  become

trapped  in the metaphor  of  the 
"blue-print",

 DNA  is

often  regarded  as  a  manual  of  instructions that details

every  aspect  of  biological organization.  In light of  what

we  now  know  about  gene expression,  this view  should

clearly  be revised,

  ln order  to begin to understand  epigenesis,  we  must

first extract  its general  attributes. We  propose  that

there  are  fundamentally four: 1 ) the action  of individual

genes  during development  is local, 2) genes interact di-

rectly  only  with  small  numbers  of  other  genes, 3) there

are  multiple  levels of regulatory  control,  and  4) the phe-
notypic  outcomes  are  not  predictable  from  a  detailed

knowledge  of  gene  action  {i,e,, there are  emergent  prop-

erties).

  The  concept  of  a  blue-print is that of  a pian to specify

or  anticipate every  possible situation  and  the  response

most  appropriate  to it. However,  no  moLecule  can  store

as  much  information as  needed  for the detailed descrip-

tion of  the  phenotype, including a"  the biochemical

pathways  and  developmental interactions, and  the  reac-

tions of  all these  to the environment,  A  modular  organ-

ization, on  the  other  hand, is constructed  so  as  to parti-
tion the  decision-making process at several  partially

independent levels, increasing the overa"  flexibility of
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 the system,  Therefore, what  DNA  does is to generate
 products from  groups of  genes that are characterized

 by localized action,  without  any  direct reference  to the

 overall  scheme.  The  outputs  of these  numerous  local

 gene actions  are controlled  by regulatory  elements  that

 direct development  along  alternative  pathways  depen-
 ding upon  internal or  external  

"environmental"

 condi-

 tions. Selection works  on  these  local gene  effects  bas-

 ed  on  their contributions  to  the final 
"output"

 of  the pro-
 gram.

  The  genetic-epigenetic program  of  development  falls
 into the  category  of the undecidable;  no  mathematical

treatment  will be able  to predict exactly  what  an  organ-

 ism will Iook  like {see, for example,  our  incomplete  un-

derstanding of  how  the phage  a works,  even  though

the complete  sequence  of  its genome  has been
available  for many  years: Ptashne, 1992}, The combina-
tion of  local action  and  loose connectivity  of  the genet-
ic modules  leads to what  are  then  perceived as

 
"emergent

 properties", The  dynamics  of genetic
algorithms  and  neural  networks  are  

"emergent",

 in the
sense  that they  are  not  specified  in the lines that make

up  the  program, nor  were  they  necessarily  intended by
the pregrammer  (e.g,, Bains, 1994).

  The importance of  the environmental  component  cen

be appreciated  if we  consider  a particularly popular ver-
sien  of  genetic algorithm$,  a class  of  programs  that
"iearn"

 to play games  (e,g., chess)  more  and  more

efficiently  through  a series  of  trial games  with  op-

ponents  of  varying  skill, The  algorithms  evolve  in differ-
ent  ways,  depending on  which  

"environments"
 the  pro-

gram  has been exposed  to, Yet, the long-term outcome
is remarkably  similar:  programs  capable  of  playing and
winning  against  highly sophisticated  opponents.  In a

biological context,  these  disparate evolutionary  trajec-
tories can  be paralleled with  the evolution  of  the same

reaction  norm  by different genetic-epigenetic  systems

("genetic redundancy",  
"genetic

 piracy": see  below),

  Nijhout et al. (1986) applied  concepts  of  localized
gene  action  and  complexity  theory  to biological pro-
cesses  when  they  investigated a  cellular  automata

model  of  development  and  phylogeny. They  specified  a

series  of  simpie  genetic rules  according  to which  their
"wild

 type"  was  constructed,  and  then mutated  some

of  these  rules  to examine  the effects,  There was  no

way  to tel- a priori what  a specific  change  in the rules
was  going to  do to the  relatively  simple  morphology  of

the two-dimensional  automaton!  Mutations causing

change  in rate  of  gene  action  did not  cause  morphologi-

cal heterochronies, while  some  apparently  hetero-
chronic  alterations in the adult  phenotype  did not  arise

frem heterochrony at the  gene levei,
 A  view  of  evolution  by change  of local rules  or of  the
control  mechanisms  that  supervise  the interaction
among  genetic  subroutines  leads to explanations  ef

several  evolutionary  phenomena  affecting the epigenet-
ic system.  The  pessibility of  co-opting  some  parts of

the  network  of  gene interactions for a new  and  possibly
unrelated  task is what  Reth called  

'genetic
 piracy'

{Roth, 1988; Carroll, 1994}, Roth cites  a$ an  example

the evolution  of  convergent  deveiopmental pathways
leading to a  single  control  of the formation of hind- and
fore-limbs in vertebrates,  once  compietely  distinct mor-
phogenetic  systems,  A  somewhat  similar  phenomenon
is geneUc  redundancy,  in which  the same  phenotype  is
produced  by genetically distinct backgrounds  {Golds-
tein and  HoLsinger, 1992; Dove,  1993; Thomas,
1993).

 2. Genetic and  EPigenetic Modifications of  DRN

 Because the developmental reaction  norm  integrates a

 complex  view  of  genotype, development, and  environ-

 ment,  we  view  the  importance  of  
"mutational"

 events

that  generate  genetic variation  in terms  of  their effects
on  the epigenetic  system.  Therefore, an  important

issue is what  kinds of genetic  changes  can  affect  the
epigenetic  system,  and  hence the  developmental reac-
tion norm?  Two  fundamental phenomena  have been
proposed  as  instfumental in changing  the course  of  de-
velopment:  heterochrony, or the  change  in timing  of

gene  actionfdevelopmental  events;  and  hetero topy, the
change  in the  place of  gene  action/developmental

events.

  Heterochrony has  always  been considered  a central

process  in the evolutionary  change  of  developmental
patterns. The  woFd  heterochrony was  introduced by
Haeckel (1 875} within  the framework  of  his recapitula-
tion theory,  but the modern  sense  of  the  word  comes

from de  Beer  {1 940). An  historical as  well  as  technical
review  of  these  concepts  is to be found in Gould
(1977}, and  updated  in McKinney and  McNamara
(1991). Gould  {1977) and  Alberch and  coworkers

(Alberch et al,, 1979; AIberch, 1982) simpiified  de
Beer's terminology,  proposing a model  for the under-
standing  of  heterochronic phenomena  which-at  least
potentially-is amenable  to a link with  genetics (for ex-
ample  see  Slatkin, 1 987), However,  the  relationship  be-
tween  phenotypic  heterochrony and  changes  in timing
at the  level of  the gene  has rarely  been shown  to be di-
rect  {Raff and  Wray, 1989; Wray  and  Raff, 1991;
Bassiri et al., 1992; Conway  and  Poethig, 1993; Am-
bros and  Moss, 1994; Collazo, 1994). In some  cases,

heterochronic changes  have been shown  to  be  environ-

mentally  triggered (with macroevolutionary  implica-
tions for phenetypic  plasticity} such  as  the studies  of

diet-induced changes  in jaw morphology  in cichlids

{Meyer, 1987) and  paedomorphosis  in ambystomid
salamanders  {e.g,, Semlitsch et  al., 1990),

  Heterotopic phenomena  are  less commonly  reported

and  less we"  understood  than heterochronic ones,  This
difference might  be due to the fact that  the detection of

heterotopy requires  detaiied knowledge  of  gene action

and  of its mapping  onte  phenotypic  effects,  informa-
tion that is seldom  available  to the  evolutionary  biolo-
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gist (see e.g.,  Simpson  et al,, 1986; Fang et  al., 1991;
Duboule, 1994}. Wray  and  McClay (1989} reported  on

the potential importance of  changes  in the  place of

gene  action  toward  explaining  the  adaptive  radiation  of

echinoids  in the  Early Paleozoic. Analyses of  patterns
of  time  and  site  of  gene  expression  for three  proteins in
seven  echinoid  species  (for which  a  reliable  phylogeny

was  available)  revealed  heterochronic and  heterotopic
changes  for all three proteins.
  Many  of the mechanisms  for modifying  epigenetic

systems  are  being uncovered  in the  intensive research

currently underway  on  the  function and  evolution  of

homeotic  genes  (for recent  reviews  see  Manak  and

Scott, 1994; Meyerowitz, 1994; Patel, 1994; Carroll,
1995).  Work  with  animal  systems  (most notably  mice,

DrosophiZa, and  the  nematode  Caenorhabditis} has
revealed  major  areas  of  homology  among  the

homeobox  genes  (Manak and  Scott, 1994: Salser and
Kenyon, 1994; Warren  et  al,, 1994; Sordino et  al.,

1995}. Work  with  plants  such  as  Arabidopsis  has  in-

dicated the  presence  of  homeotic genes as  well  (Crone
and  Lord, 1994; Meyerowitz, 1994; Ray et  al,, 1994}.
In addition,  alteration  of  pattern formation (Niehrs et

al., 1994; Rivera-Pomar et  al,, 1995) and

modularitylsegmentation  {Akam et  al., 1994a; Patel,
1994}, changes  in signal  transduction  {Brown and

Hartley, 1994;  Patel, 1994), change  of  function (Hake,
1992},  and  changes  in patterns of  cell movement

{Salser and  Kenyon,  1994) have  all been identified.

3. 71he Evolutionary Outcome:  Seiection and  Con-
      .
   stramt

The  evolution  of  the  developmental reaction  norm  is
ultimately  a matter  of  balance between  the  selective

forces acting  on  the  epigenetic  system,  and  the

variability  (or lack thereof}  of  the genetic  machinery

driving the epigenetic  system  itself, The  limits and

preferential routes  that are  superimposed  on  selection

are  collectively  known  as 
"constraints",

 We  wish  to

discuss this concept  in some  detail in order  to achieve  a

more  complete  picture of  how  developmental reaction

norms  change  through  evolutionary  time.

  Biologists have a bewildering selection  of  
"con-

straints"  to  choose  from: genetic, phylogenetic, me-

chanical, functionaL developmental, selective,  ecologi-

cal, to mention  but a few. The  literature-and the

spirited  controversy-about  constraints  is so  vast  that
any  attempt  to synthesize  the matter  is doomed  to be
both incomplete and  a very  deticate operation  (see e,g.,
{Antonovics and  van  Tienderen, 1991;  Perrin and

Travis, 1992;  van  Tienderen and  Antonovics, 1994},
However,  we  will  attempt  it anyway,

 Although several  previous overviews  of  the  cencept

of  constraint  have  identified both genetic and  develop-
mental  constraints  as  distinct from  selection  CMaynard
Smith et al,, 1 985; Scharloo, 1 988;  Wagner,  1 988; Ar-
nold,  1992; Schwenk, 1995), here we  identify only

two  comprehensive  categories  ef  evolutionary  forces:
selective  pressures (positive or  negative  forces} and  ge-
neticlepigenetic  constraints  {negative forces) (Figure
9), Evolutionary  change  (or stasis}  results  from the out-

come  of  the interaction among  the  possible com-

ponents of  these  two  forces, Note  that sometimes

selection  and  genetic constraints  can  act  in the same  di-
rection:  for example,  stabilizing  selection  tends  to

decrease genetic variation,  which  in turn will  keep  the

population in the current  area of  the phenotypic space,

  We  can  use  the  developmental reaction  norm

perspective to visualize  the process  by which  selection

and  constraint  define phenotypic  space.  We  have devis-

Fig, 9, Geneti¢ lepigenetic constraints  and  selective  pressures. These  two  categories  of evolutionary  forces

 are shown,  along  with  their relationship  to some  of  the  former categories  of  
"constraint".

 Geneticiepigenet-
 ic constraints  are  negative  forces, limiting evolutionary  movement  in phenotypic  space,  whereas  selective

 pressures may  be  positive (directionalidisruptive selection)  or  negative  (stabitizing selection)  forces,
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ed  a  scenario  in Figure  1O  {for the  hypothetical deter-
mination  of  digit number)  moving  from  the level of  the

gene  through the epigenetic  process to  the  phenotypic
state.  The character  has a genetic component  and  if
there is only  a single  aLleLe for a gene, a genetic  con-

straint  exists.  In our  example  there  are  multiple  genes
with  multiple  alleles  contributing  to  the  expression  of  a

continuous  character,  cell number.  The  epigenetic  rules

provide  for a symmetrical  bifurcation of  cells  when  the
cell number  exceeds  300. converting  the continuous

cell number  distribution into a discrete pattern  of  1, 2,
4, 8 ... digits, ln this example,  we  have also  set  limits to
cellnumberthroughnaturalselection-combinationsof

alteles  that result  in <125  or  >1OOO  cells  are  lethal
due  to disruption of  the developmental system,  restric-

ting digit production  to 1 through  4,

  Although  an  analysis  based on  the  fitness function
suggests  that 2, 3 or  4 digits would  be equally  fit, the
epigenetic  rule  results  in a pattern of  phenotypic expres-
sion  Ci.e., 2  or  4, but net  3 digits} that would  be recog-

nized  as  a 
`developmental'

 constraint,  By examining

the developmental reaction  norm,  we  can  see  that  this

pattern  results  from the epigenetic  rule  of  bifurcation of
the cell mass  that we  specified  {an epigenetic  con-

straint).  Thus  expression  of  different sets  of atleles at
the lower level {i.e, ceil number)  is controlled  in turn  by

ofi's,95:otuo-:o

de
as
as as as
125-300 301-600 601-1000

                                      n. cells  
[;>

 digits

Fig. 10. Adevelopmental  reaction  norm  view  of  the  relationship  between  geneticlepigenetic constraint  and

 natural  selection,  The  lower diagram  delineates the relationship  between  jnitial cell  number  and  fitness: cell

 numbers  below 125 er above  1000  (open boxes) are  lethal, those between these thresholds tshaded
 boxes) preduce  1 ,2  or  4 digits. Organisms with  a single digit are le$s tit than  those  with  2 or  4 digits. The  up-

 per diagram  ciepicts the  operation  of  the  epigenetic  system  during ontogeny.  The fate of  cell  masses  of

 djfferent sizes  is determined  by an  epigenetic  rule specifying  an  equal  bifurcation of  cell  masses  greater
 than 300  ceHs:  masses  less than 301  cells  do not  bifurcate and  a single digit eventually  results,  ma$$e$  be-

 tween  301 and  600  ceils  bifurcate once  leading to formation of  two  digits, and  cell  masses  between  601
 and  1 OOO  cells bifurcate a  second  time  with  four digits resulting.  Given the  specitied  epigenetic  rules,  there

 ts no  way  to produce  three  digits, even  though  such  an  organism  wouid  presumably  have equivalent  fitness

 to the two  and  four digit morph$  (see text  for further discussion),
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the action  of  other  genes  at  a  higher level (bifurcation
rule), resulting  in an  example  of  epistasis.  However,  it

becomes clear  that if we  shift  our  focus to  that  higher

level of the  hierarchy, the observed  pattern of  1 , 2 or 4

digits results  from a genetic constraint:  there is no

allelic variation  at  the gene Ioci determining the  bifurca-
tion rule,  To  get three  toes, we  could  envision  a  rule

that might  allow  a trifurcation, or one  that results  [n an

unequal  division of the cell mass,

  The  process ef  building and  breaking constraints

through  evolutionary  time  results  from  the continuous

interplay between the  expressed  phenotypes  and  the

agents  of  natural  selection,  and  the subsequent  feed-
back onto  the  developmental system.  The  phenotypes
we  observe  are  a  snapshot  depicting the current  devel-

opmental  reaction  norm,  As  new  alleles  arise, their

pleiotropic and  epistatic  effects  must  be integrated

with  the existing  genetic  architecture-selection  will

favor those with  higher fitness and  these  may  become

established  in the  population, However,  because there

may  be a number  of  possibLe  a"eles  at  any  given  Iocus

that could  be successfully  integrated, the  actual  identi-

ty of  the new  allele (or the particular locus} wil[ help

determine the success  or  failure of  tater opportunities

for 
"tinkering".

 This is the  historical contingency  (aris-
ing from the  random  appearance  of  new  alleles)  that

has been  referred  to as  
"phylogenetic

 constraint".

Thus, acces$  to some  pertions  of  phenotypic  space  will

be prohibited sometimes  directly by seiection,

sometimes  by geneticlepigenetic constraint,  and  often

by the constraints  resulting  from  previous  episodes  of

selection,  drift or chance  mutational  events.

  From  the point of  view  of  this paper, the  important

aspect  to consider  is that  because  phenotypic  evolu-

tien results  from modifications  of  the developmental

reaction  norm  of  the genetic-epigenetic system,  then

setection  and  constraints  in partieular environments

can  have ramifications  for the entire  reaction  norm,  and

not  only  the  phenotype produced in the focus environ-
ment  (contra Via, 1987, 1994}). This implies that in
order  to produce  a realistic representation  of an  evolu-

tionary trajectory, we  need  an  understanding  of  the

range  and  frequency ef  actual  environments  in which
evolution  occurs,  and  a  description of  the environment-

specific  selective  pressures  and  constraints,

adult  stages  may  lead to a  restricted  understanding  of

evolutionary  potentials, The  origin  of  the  observed

differences in adult  phenotypes  can  only  be understood

by tracing their ontegenetic  trajectories. In some  cases,

similarities  in adult  phenotypes  may  not  be due to the

same  developmental pathways  (Jones, 1 993; Pigliucci

and  Schlichting, 1995; Pigliucci et al,, 1996}. From

what  we  know  about  gene  expression  and  organ-

ization, major  phenotypic effects  can  be  obtained  by

altering  either  the  time  or  the place of  gene  action.

Therefore, heterochrony and  heterotopy of gene  action

represent  major  ways  to alter  ontogenetlc  tralectorLes,

  Second, an  organism  cannot  be considered  independ-

ently  from its environment,  To  discuss phenotypes
without  the context  of  particular and  ecologically  rele-

vant  environment{s}  neglects  a  crucial  aspect  of  pheno-
typic complexity,  Third, organisms  are  harmonious
ensembles  of  traits, and  character  correlations  and  in-

tegration  must  play a fundamental  role  in our  theories

of  how  selection  and  constraints  shape  phenotypic

evolution,

  We  explicitly  integrate these three components  of

the  phenotype  in our  concept  of  the developmental

reaction  norm.  Evolution proceeds from a dialectical in-

teraction  between  organisms  and  environments

through  ontogeny.

2. The  innate complexity  of  genetic systems

necessarily  leads te emergent  properties, usually  en-

compassed  by  the  term  
"epigenesi$",

 We  consider

misleading  the common  metaphor  of  genes encoding

the  
"blueprint"

 for the  phenotype, More  realistically,

genes  represent  a series  of  subroutines  that interact

with  each  other,  initiating and  locally contro-ing  the

events  that unfotd  during  ontogeny,  ln principle,
knowledge  of  the  mechanistic  details of  what  each  sub-

routine  does and  how  it interacts with  others,  does not

allew  prediction  of  what  the  final phenotype  wi"  be. As
a  consequence,  the phenotypic effects  of  altering the
rules  {i.e,, mutation}  are  also  unpredictable,  Converse-

ly, it is also  not  possible  to predict the genetic basis of a

particular phenotypic change.

  Epigenesis then, is the deterministic, yet
"unde

¢ idable", series  of ontogenetic  events  resulting

from the interaction of  numerous  local genetic systems

(as opposed  to a global central  control),

Conclusions

1. The  deveiopmental norm  of  reection  is the object

of selection,  We  see  the phenotype  of  an  organism  as

characterized  by the  potentiality of  its genotype  to ex-

press a series  of  deveLopmental  trajectories, depending

on  the particular set  of environmental  conditions  to

which  the  individual is exposed.  This view  stems  from

three basic considerations,  First, the common  focus on

3. Beth the  control  of  the development  of  complex

phenotypes  and  the  capebility  of  these  to respond  to  en-

vironmental  variability  {internal or external)  requires  a

system  of balanced reguLatory  interactions, Both

surveys  of current  knowledge  of  the molecular  mechan-

isms of  gene  regulation  (Schlichting and  Pigliucci,
1 995a; Pigliucci, 1996), and  models  of  gene  networks

based on  complexity  theory  point to  the occurrence

and  advantages  of intermediate and  localized levels of

regutation  (Bak and  Chen, 1991). Systems  that are
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very  tightly regulated  are  prone  to instability (so-called
"complexity

 catastrophes").  On  the  other  hand, classi-
cal Fisherian models  of  independent genes additively ac-
ting on  the phenotype  lack the connectivity  that is nec-
essary  to readily  move  within  the adaptive  landscape,
and  show  the tendency  of  settling  on  local rather  the

global optima,

  We  have arrived  at this view  of  the phenotype  by
combining  our  different vantage  points of  evolutionary
morphology,  the evolution  of  development, and  ecologi-

cal genetics, These disparate viewpoints  have  made  us

receptive  to the  argument  that development  was  left

out  of  the grand  synthesis  of  the  
'30s

 and  
'40s,

 and

cognizant  of  the importance of  a view  of  phenotypes
from a reaction  norm  perspective, Thus, the move

toward  combining  ontogeny  and  reaction  norms  was  a

natural  progression. The  difficulties inherent  in combin-
ing all aspects  in an  experimental  program  are  obvious.

However,  even  if all components  are  not  explicitiy  ex-

amined,  we  believe that it is just as  important to openly

maintain  an  awareness  of  the  potential contributions  of

the  environment,  the interactions among  traits, and  the

possible roles  of other  ontogenetic  stages,  when

assessing  phenotypic  expression  and  evolution.
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