Chapter 8

The Role of Genesin Natural Selection

Thewholepurposeof oursearctfor a‘unit of selection’is to discoverasuitableactor
to play the leadingrole in our metaphorsof purpose.We look at an adaptatiorand
wantto say ‘It is for thegoodof ...’. Ourquests for theright way to completethat
sentence.

— Dawkins, TheExtendedPhenotype

Darwin’s theoryof naturalselectionis extraordinarilysimple,but the naturalworld to which
it appliesis extraordinarilycomplex. Hereinlies the difficulty thatis the subjectof the next two
chapters.

Thetheoryis thatwheneer individualsreproduceat differentratesaccordingto their inher
ited and randomly mutatedpropertiesthen thoseindividualswill evolve to becomeadaptedo
their ervironments.But naturedoesnot comeready-cared into individuals. Ecosystemspread
and competewith others. Speciescompetewithin ecosystems.Speciesare divided into sub-
populationsand colonies. Organismsare madeof mary reproducingcells. Cells containmary
componentshat have their own replicatingDNA. And eachDNA string containsmary replicat-
ing sequencessowhich of theseindividualsdoesthetheoryapplyto? Whatis thecorrectway to
completeDawkins’ sentenceTherearetwo possibleanswers.

Thefirstansweiis thatof Darwin, Wallace Mayr, Dobzhansi¢, D.S.Wlson, Gould,andSobey
andwasgeneralisec@ndgiven canonicaform by Lewontin (1970). Sterelly andKitcher (1988)
describethis asa ‘pluralist’ descriptionof evolution sinceit makesno a priori claim aboutwhat
thoseindividualsare;they may be genes.organismsgcells within anmulti-cellular body, groups
of individual, speciespr evenmulti-speciedecosysteméWilson, 1976)(Goodnight1990).All of
theseaunitscanbeselectecccordingo thetraitsthey inherit,andsocanbecandidateso complete
Dawkins’ sentence.

The secondansweiis thatof Fisher,Haldane Wright, Williams, E.O.WIson, Hamilton,and
Dawkins, who insistthat the bottomline of evolution is haw muchit changegenefrequencies
and, throughthese how muchit changephenotypesThesephenotypiceffectscanbe expressed
atmary differentlevels,andin mary differentways;but it is only the effectson genefrequencies
thatmatter Thereforegenesarethe ultimatebeneficiarie®f adaptations.

The debatebetweerpluralismandgene-centrisnin evolutionis a paradigmcaseof the more
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generaldebateover levels of organisationin nature. The pluralist explains evolution in terms
of selectionoperatingat mary levelsindependentlywhilst the gene-centristeducesevolution at
higherlevelsto the differentialreplicationof genes.In the next two chapterd applythegeneral
amgumentf chapter® and3 to thisdebate My aimis to provide asynthesi®f thetwo traditions
andto show thatnotonly arebothnecessarin orderto understan@volutionbut, strictly speaking,
neithermakessensewithoutthe other

This debateis importantfor two reasons. The first is the implicationsthat it hasfor our
understandingf biological evolution— andthis will bethe mainfocusof thenext two chapters.
But thisdebatealsohasimplicationsfor thewaythatwe applyDarwin’stheoryto socialevolution.
And thiswill bethe subjectof chapterl0

8.1 Evolution and Mendelian Inheritance

What are the conditionsnecessaryor evolution by naturalselection?Are proteinsand nucleic
acid necessaryor could evolution occurin entitiesmadeof, say silicon polymers? Intuitively
thereseemdo beno reasorwhy carbonis theonly possiblesubstratels metabolisrmecessaryor
couldevolution occurin entitiesthataremoreinert? Againthereseemsgo be no obviousreason
why not. Are genesiecessaryor couldevolution occurin entitiesin whichtherewereno discrete
anduniversalgeneticcode?lt is herethatintuitionsstartto differ.

Accordingto Lewontin,achangen genefrequenciess notanecessarpartof thedefinitionof
evolution by naturalselection.He aguesthat evolution occurswheneer we have thedifferential
reproductiorof individualsaccordingo inheritedandrandomlymutatedraits,andthis definition
is silent on the natureof the mechanismunderlyingthis process:“No particularmechanisnof
inheritancds specifiedput only a correlationin fithessbetweerparentandoffspring” (1970,p1).
Dennettdescribesvolution, characteriseéh this way, asan algorithmic processanda defining
characteristiof analgorithmicprocesss thatit is ‘substrateneutral’;i.e. it is onein which

the power of the procedures dueto its logical structure,not the causalpowers of
the materialsusedin theinstantiationjust solong asthosecausalpowerspermitthe
prescribedstepgo befollowedexactly. (1995,p51)

Now thereis no a priori reasorwhy evolution by naturalselectioncannotoccurin substrates
other than proteinsand nucleic acid, ary more than cognition requiresneuronsor life requires
carbonchains— all thesephenomenare‘multiply realizable’(Kim, 1992).If we usethis weak
senseof substrateneutralitythen Dennetts claim is definitely true. However the issuebecomes
morecomplex whenwe try to defineexactly whatconstitutesfollo wing the prescribedsteps’of
naturalselection.

Darwin was able to characterisdhow the force of naturalselectionworksin a re-
markablysimpleway: if theorganismsn a populationthatpossessnecharacteristic
arebetterableto survive andreproducahanthe organismswith the alternatve char
acteristic,andif [this characteristic]s passedn from parentto offspring, thenthe
proportionof individualswith that characteristiavill increase....Of course,some
clarificationis requiredof whatit meansto saythata trait is “inherited” But asa
first approximationthe conditionalclaimif thereis heritablevariationin fithessthen
therewill beevolution (if nothinginterferesseemsgo beremarkablystraightforward.
(Sobey1985,p27)
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Unfortunatelythe theory of naturalselectionbecomea little lessstraightforwardas soonaswe
‘clarify’ whatinheritancaneans.

Thefirst pointin ‘clarifying’ inheritances thatnaturalselectiorasanaccounif the origin of
speciegdependn discretegenetic,i.e. Mendelian inheritance.If the inheritanceanddevelop-
mentof traitsis not discretethenthe resultis not the origin of speciesjust blending,asDarwin
wasfully aware. It is to ThomasHuxley’s creditthat, evenwhilst he actedas‘Darwin’s Bulldog’
in his defenceof the fact of evolution, he remainedscepticalwhethernaturalselectionwasits
mechanismThis wasbecausehe discreteinheritancenecessarfor the formationof speciehad
not beenempiricallydemonstratetb his satisfaction— despiteDarwin spendindhalf a life-time
trying to evolvedistinctspecieghroughartificial selectionDesmond Moore,1992,p510-11).1t
waslargely for thisreasorthatnaturalselectiorwasnot generallyacceptedsthe dominantforce
in evolution until it wasunified with Mendeliangeneticsby Fisher(1930), Haldane(1932)and
Wright (1931). But Dennett(1996) pointsout that Mendelismwasa ‘triumph for substrateneu-
trality’ sinceneitherMendel,northe early populationgeneticistshadary ideawhatthe material
realisationof theseunitsof hereditywas.

Mendelsaved Darwin; but what saved Mendel? Until the discovery of the structureof DNA
in 1953Mendels geneswereabstracta theoreticalentitiesdefinedsolelyin termsof obsered
patternsof inheritedtraits. Thereforetheir statusaslegitimatescientificentitiesrestedentirelyon
theirempiricalusefulnessHowevertheempiricalsuccessf Mendeliangeneticsasanexplanation
of the distribution of traits dependon finding traits that are discretelyencodedn geneswvhose
effectson phenotypesndfitnessarerelatively robust,andsofit our simplemodels.Mendelwas
extremelyfortunatein his choiceof organismandtrait since,in colorationin peashe happened
upona trait that mettheseconditions. However mosttraits are not dueto single geneswith full
penetrancandcompletexpressvity, andsodonotalwaysfollow theclearpatternof Mendelism.
If Mendelhadstartedoy enquiringinto, say theheightof his peaghenit is unlikely thathewould
have found the clear patternsthat allowed him to formulatehis theory sinceheightdependson
mary differentgenesandis very sensitve to ervironmentalchangesMendeliananalysiscannot,
in generalpeusedo determinghe genotypeof anindividualorganismfor suchquantitatvetraits
(Griffith & Suzuki,1993,p827).

Until 1953Mendeliangeneticavasnotatruetheory(in thesensef section3.3),butanas-yet
unfalsifiedhypothesis.Until 1953Mendels patternsof inheritancewerealwaysat risk of being
exposedas nothing more than empirically useful descriptionslike Copernicus’epigycles. But
onceMendels abstractaweretransformednto theillata of DNA then,evenif counterexamples
to Mendel’s laws were discovered, his laws of inheritance(and hencealso Darwin’s theory of
naturalselection)would not be threatened.For example,Mendels Secondaw statesthat,in a
diploid organismwith haploidgametesgenesat differentloci will be transmittedndependently;
thusif A;a andB,b arepairsof allelesat differentloci, andif anorganismis heterozygousat both
loci, thentheprobabilitiesthatagametewill receve ary of thefour possiblegeneticcombinations
AB, Ab, aB, ab, areall equal.But thisis nottruein generalKitcher, 1984). For example,alleles
on the samechromosomewill tendto be transmittedtogether Only geneson non-homologous
chromosomesassortindependently But becauseve have someunderstandingf how Mendels
genesmay be arrangecn a chromosomeand of the mechanisnunderlyingmeiosis,we do not
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dismissMendelasaresult.

A similar amumentappliesto the caseof the non-inheritancef acquiredcharacteristics—
the postulatethat markedmodernevolutionarytheory's breakfrom Lamarck. After 1953 Crick
re-christenedhis postulateasthe CentralDogmaof moleculatiology, which stateghatinforma-
tion cannotpassrom proteinto DNA but only thereverse;i.e. changego the phenotypencurred
duringdevelopmentwill have no effectonthe DNA passedn to subsequergenerationshrough
thegerm-line.Howeverit is interestingto notethat Crick calledthis the centraldogmaof molec-
ular biology, ratherthanthe centraltheoem it wasa claim abouthow inheritancevorked,not a
known fact'. It is only overthelast40yearsthathave we slowly discoveredtheextentto whichthe
CentralDogmais true.Indeed therearesomeisolatedcasesn whichit is notstrictly true,but this
doesnotthreaterthe CentralDogma— or Darwin. Becausave now understandhe biochemistry
of how DNA is replicatedthe CentralDogmacannow be regardedasa true theoryabouthow
geneticinheritancavorks, ratherthana purely empiricalgeneralisation.

ThusLewontin’sconditionsarenotquitesufficientto guarante@volution by naturalselection.
It is not enoughthat traits are inherited, but this inheritancemustbe via discreteunits that are
unafectedby theresultingphenotypei.e. genes.Lewontin’sconditionsarecouchedn termsof
patternsof inheritanceobsenablein the traits of organismsbut evolution requiresthat, not only
doesthe substratgroducethesepatterns but the substratgroducegshesepatternsin the right
way. And the ‘right way’ includesdiscretegeneghatarereplicatedndependentlyf phenotypic
propertieslnheritancecannotbe characterisegurely atthelevel of thetraitsof individuals. This
problemmanifestdtself whenwe try to determinevhethera particulartrait is heritable

8.2 Natureand Nurture

Inheritancelooselyspeakingis a similarity betweerparentsandchildren.Howeverthis similarity
canbe causedn two differentways: either becausesomethingis ‘passeddown’ from parents
to children, or becausdhey sharea commonervironment. Only the first form of inheritance
producesaturalselectionput all biologicaltraitsarethe productof developmentaprocessethat
involve both. Thereforeif we wantto determinewhethera trait will be amenabldo adaptation
thenwe mustfind someway of determininghecontribution of genetic ratherthanernvironmental,
inheritance.This contributionis normally quantifiedasthe heritability of thetrait, definedasthe
proportionof total variancen thetrait thatis dueto genetic ratherthanervironmental variance.
Therearetwo setsof problemsan determiningheritability. Thefirst aremethodologicalThe
standardechniquefor measurindheritability is to raisea variety of strainsin avarietyof environ-
mentsandthencalculatetheir relative effectson the trait. But this techniquecannotdistinguih
differenceghat are due to geneticfactorsfrom thosethat are dueto the maternalervironment
provided by the uterusor the cytoplasmicervironmentof the zygote. For examplebabiesborn
to poor, badly educatedmothershave lower birth-weightand shorterconcentratiorspansthan
thosebornto therich andwell educatedGonzales1985). Thereforeevenif thosechildrenare
subsequenthadoptedandraisedin randomdistribution of ervironments— or if thosechildren
aregivena commoneducationakrvironment— andwe subsequentlyind thatthereis a strong
correlationbetweensay the IQ of the birth-motherandthatof the children,we still do notknow

1Thanksto JohnMaynardSmith, personatommunicationfor this point.
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if this correlationis dueto geneticor maternal-evironmentaleffects (Roubertouxet al., 1990).
The ervironmentstartsto affect a child well beforebirth, thereforeervironmentaland genetic
effectscanonly be experimentallyseparatedby transplantinggmbryoshetweeruterusesor chro-
mosomedetweerzygotes.Suchexperimentslemonstratéwo things. Thefirstis thatuterineand
chromosomaérvironmentsdo indeedhave effectsthatwould ordinarily be classedasgeneticin
thoseorganismssuchashumanswheresuchtechniquesrenot possible(Nosten,1989)(Nosten
& Roubertoux1988)(Carlie& Roubertoux1984)(Carlieretal.,1991). Theseconds that,in an
operationakensewe cannotdeterminethe heritability of a trait from the obsened propertiesof
thewholeorganism put mustalsobeableto isolatethegeneticmaterialandmanipulatet directly.
If therewerenodiscretegenetiomaterialthenit wouldbeimpossibleo conclusiely determinghe
heritability of atrait usingthis method andhencewhetherselectiorfor it will produceadaptation.

The alternatve methodof determiningheritability is to measurethe responsdo selection
directly: if the distribution of a trait in a populationrespondgo selection,thenthat trait must
be heritablé. But althoughthis is the methodtypically usedin artificial selectionexperiments
(Orgel, 1979),it cannotbe usedasa way of definingsufficient conditionsfor evolution sinceif
we claim that evolution occurswhenthereis the differentialreproductiorof heritabletraits, but
defineatrait asheritablewhenit evolvesin responséo selectionthenwe areleft with atautology
We needa methodfor determiningvhetheratrait will respondo selectiorthatdoesnot reduceto
observinghat,in fact,it does.

The problemsof separatinghe contributionsof ervironmentaland geneticfactorsare com-
poundedvheninvestigatinghumanbehaioural traits, sinceethicalconsiderationforbid usfrom
manipulatingervironmentsand/orgenetianaterialdirectly. For examplePlominetal (1977)(1985)
discusshow anindividualmayactively or passvely constructheir own ervironmentaccordingo
somegeneticpredisposition.Teachersfor example,may give a particularly bright child a more
enrichededucationakrvironment,whilst the peersandcarersof a sociablechild maywell recip-
rocatetheir affection. The only way to separateéhe effectsof environmentalandgeneticfactors
in thesesituationswould beto give a sub-populatiorof childrenpurposelyimpoverishederviron-
ments,andthis is not ethically possible:we would have to deliberatelyignoretheir demandgor
stimulationor affection. The sameconfusionoccurswhengeneticandervironmentalfactorsare
correlatedor otherreasonsFor examplein mary adoptionstudieshereis considerablselectie
placementjn which childrenare placedin homessimilar to the parentalenvironment(Loehlin,
1979). Thisagainhasthe effect of confusingervironmentalandgeneticeffects.

Thesemethodologicaproblemsin determiningheritability reflectan underlyingconceptual
problem. The purposeof the conceptof heritability is to measurehe relative contributions of
geneticandenvironmentalfactorsto a trait. However all traitsare completelydependenbn both
ervironmentand genes. Both are 100% necessaryso doesit makeary senseto comparetheir
relative contributions(Anastasi, 1 958) ?But althoughthis truismappliesto individualsit doesnot
applyto differencebetweerindividualsin apopulation:if we considera populatiorof genetically
identicalindividualsthenthe differencedbetweerthemmustbedueto ervironmentalfactors;and
if individualsareraisedin the sameenvironmentthendifferencesmustbe dueto geneticfactors.
But in orderto quantify heritability it is necessaryo comparethe contrikutions of eachfactor

2Thoughin section8.4| discussxamplesof traitsthatare heritablebut still do notrespondo selection.
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whenthetwo effectsarecombined.Thisis doneusinganalysisof variancel ANOVA) techniques:

Supposeave wantedto measureahe heritability of theyield of wheatby raisingtwo different
strainsunderwo fertilisationregimes. Theanalysisof variancerepresentthecausatole of these
two factorsby shaving how the averageyield of plantsona plot departdrom (1) theaverageyield
of all plants,(2) from theaverageyield of all plantsthatrecevedasmuchfertiliser asthosein the
plotin questiondid, and(3) from the averageyield of plantsof the samestrain. Supposéhatthe
yield followedthis pattern:

‘StrainSl StrainS2 Marginal Average

FertilisationF1 1 3 2
FertilisationF2 3 5 4
Marginal Average 2 4 3

In this casddifferencesn strainandervironmenthave equaleffectsonyield, andsoits heritability
will be50%. In anothercasetherespectie yieldsmaybe

StrainS1 StrainS2 Marginal Average

FertilisationF1 1 5 3
FertilisationF2 3 7 5
Marginal Average 2 6 4

in which casegeneticfactorshave a greatereffect, and so the heritability of the trait for this

populationin this rangeof environmentswill be greaterthan50%. Moreover, in both of these
casesthe combinedeffects of the two factorsis a linear sum of the separatecontributions. In

the secondcasestrain 2 produceson average,a yield 2 units greaterthan the overall mean;
F2 promotesyield by 1 unit; andthe combinationof F2 and <2 yields 3 moreunitsthanmean.
However, supposeheyield is

StrainS1 StrainS2 Marginal Average

FertilisationF1 1 3 2
FertilisationF2 5 9 7
Marginal Average 3 6 45

Herethemaginalyield of F2is 2.5,thatof S2 is 1.5, but the combinedeffectof F2 and2 is 4.5.
Theextra half aunit of yield is notdueto environmentaleffects,nor to geneticfactors,but to the
interactionof themboth. In othercasegheremaybeno ‘main’ effectsatall, with all variancedue
to interaction.For example,oneernvironmentmayincreaseaheyield of onestrainbut decreas¢he
yield of another:

StrainS1 StrainS2 Marginal Average

FertilisationF1 1 5 3
FertilisationF2 5 1 3
Marginal Average 3 3 3

In this caseparticularfertilisersor strainshave no neteffectsatall. Thisis nota purelyartificial

3This examplehasthe samestructureashumanadoptedwin experiments.For ‘strain’ read'monozygotictwins’,
andfor ‘fertilisation regime’ read‘home ervironment'.
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example. For exampleLevins andLewontin (1985)discusgwo mutationsin Drosophila known
asUltrabarandInfrabar, which affect the numberof facetsin theadult'seye. Infrabar produces
lessfacetsthanUltrabar if the fly developsin anernvironmentat 15°C, but moreat 30°C. The
maginal meaneffectsof mutationsandernvironmentalfactorsarevery small— sincethey will be
positive in onecaseandngyative in another— but the combinedeffect is considerableln such
casederitability givesusno usefulguideasto theresponsef thetrait to selection.

ANOVA techniquesaccountfor interactionby regardingthe value of a trait asa sumof the
contribution due to geneticfactors,that dueto environmentalfactors,and a third term that de-
scribeghe effectsof theirinteraction.But heritability only measuresherelationshipbetweerthe
first two parts. This muchis uncontrwersial theissueis whetherit matters.Plominamguesthatit
doesnot, for two reasons.

Thefirst reasonis that Plomin claimsthat, asa matterof fact, the interactioneffectsin, for
example,humanbehaioural traitstendto be quite small (1988,ch9). However Wahlsten(1990)
pointsoutthatthisis morelikely to bedueto thefactthatANOVA is poorat detectingnteraction
effectsin smallpopulatiorsizesratherthantheirabsence— a problemthatis morelikely to occur
in humanadoptionstudieghatin researclon laboratoryanimals:

Interactiorhasbeerevaluatedn studiesof humanQ andusuallynoneis seen(Plomin
etal., 1977)(Plomin & DeFries,1983) (Plomin, 1986). Generalisationdiave then
beenmadethat heredityand ervironmentaretruly additive, and sophisticategath
modelshave beendevelopedto partition varianceandcovarianceunderthe assump-
tion thatinteractionis nggligible (Heath,1985)(Henderson1982)(Phillips, Fulker,
& Rose,1987) (Plominetal., 1985). On the otherhand,an immensecollection of
well-controlledlaboratorystudiesof animalshasprovided abundantevidenceof sig-
nificantandilluminating interactiondetweerheredityandernvironment.At the 1987
Behavioural GeneticAssociatiommeetingin Minneapolistheconcurrensessionsn
humanandanimalstudieswerelike two separatevorldsin termsof attitudesowards
interaction.Marny humangeneticistglismissednteractionandcited heritability esti-
mateswith greatconfidencewhile mostof thosestudyingmice, rats,andfruit flies
documentedncecaseof interactionafter anotherand expressedskepticismabout
heritability coeficients. (Wahlsten,1990,p112)

If the assumptiorof zerointeractionis madeand ANOVA techniquesiseduncritically then
seriouserrorscanoccur For exampleSctbnemann(1997) notesthat adoptionexperimentstyp-
ically give heritabilitiesfor humanIQ of around60-80% ,which is higherthanthatof traits that
canbe morepreciselymeasuredn larger, andbettercontrolledpopulationssuchasbodyfat in
pigs,or lengthof woolin shee30-50%)whilst thesamemeasuressedon suchspurioushuman
traits aswearingsunglasseafterdark cangive heritabilitiesof over 100%. Indeed,accordingto
thesamedata,religiouspreferencés moreheritablethanrace!

However Plominalsoarguesthat ANOVA-type heritability coeficientsaremeaningfulevenif
interactioneffectsare presentinceheritability only measureshe relationshipbetweerthe main
(additive) effects. ‘Main effectsandinteractionsareindependent— meaneffectsof G andE are
notinvalidatedby the presenc®f G x E interactions’(1990). However the existenceof additive
main effectsis an assumptiorof the ANOVA technique andtheir statisticalsignificancein ac-
countingfor thedistribution of thetrait is no guarante¢hatthey accuratelyeflecttheunderlying
relationshipbetweennatureand nurture. For example, supposehat a trait were the arithmetic
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productof G andE (i.e. Y = G.E). An ANOVA onthis datamay still find someadditive compo-
nent,but this would solelybe anartefactof the method.Wahlsten(1990)(following Nabi) shovs
the problemsthatwould resultif the samemethodwereusedto analysefor example,gravity. We
know thattheactuallaw is

F=2>2 (8.1)

But supposéahatwe analysedheeffectsof massn,) anddistance(d) ontheforce (F) measured
onanobjectby afixedmassm).

The experimenters conclusiondrom the ANOVA would be that both massanddis-

tanceareimportantfor the force, althoughthe internalfactor (mass)is rathermore
importantandaccountgor morevariancehantheexternalfactor(distance)andmass
anddistanceareadditive becauséheinteractiontermis notevencloseto significance.
He might evenproclaima simplifiedlaw of gravitation,F = p+m+-d. ...

It makesno sensdo saythata personsweightdependsnoreon body sizethatplanetof resi-
denceput thisis preciselywhatANOVA techniguedry to measureAnd thereis no a priori rea-
sonwhy theinteractionbetweergenesandervironmentin thedevelopmenof anorganismwill be
simplerthanthatbetweermassanddistancen producinggravity — indeedmostof the evidence
from developmentafeneticgointsto morecompleity, notless(Pritchard, 1986). Therefordt is
similarly meaningless$o saythata trait dependsnoreon naturethanon nurture. The analysisof
variancecanoftensucceedn hammeringcomple interactiongnto additive holes,but we should
not confusetheresultof this procedurewith the original shape Heritability coeficientsgive usa
distortedpictureof therelationshippetweergenesandervironmentin the procesf inheritance,
but whatis thealternatve?

8.3 Inheritance and Mechanism

What do we meanby an ‘inherited’ trait, i.e. onethatis amenablgo adaptatiorby selection?
Consideralineageof blackravens.Their blacknessnaybe dueto geneticfactors,ernvironmental
factors(suchasa peculiarityin the local diet) or a combinationof both. We canobsere that
the trait has,in fact, beeninheritedin the pastbut the questionis whetherit is inheritable, i.e.
whetherthis trend will continueinto the future. Inheritability is thus a dispositiona property
like solubility; andjust asthe solubility cannotbe equatedwith the fact of dissolvingin water
soinheritability cannotbe equatedvith the fact of having similar offspring. We needto identify
somepropertyof the offspring of thelineagethatgivesussomereasorto believe thatit will share
the trait of its ancestorsWe needsomejustificationfor aninductionfrom pastto future ravens.
In section3.51 arguedthat suchinductionsare not justified simply by noting instancef black
ravens,but only by explainingthe obsenedconnectiorbetweerravenhoodandblacknesshrough
an understandingf the developmentalprocessesonnectingthe wild-type genomeof Corvus
corax to feathermpigmentproduction.This providesgoodgroundsfor believing thatall organisms
thatcarrythosegenesvould beblack.

Inheritability is an implicitly causalproperty: it is not just a correlationbetweentraits of
parentsandchildren,but ratherimpliesthat somethings passedn from parentgo childrenthat
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causeghattraitto re-occur If weuncoversuchaprocesshenatraitwill still beproperlyclassified
asinheritableevenif thatcorrelationmaybe disruptedby anenvironmentalfactor. Ariew (1997),
for example, citesthe example of opposablehumbs,which seemto be a paradigmcaseof an
inheritedadaptedrait. However almostall modernhumanswho lack thumbsarethe victims of

thalidomide andotherervironmentalfactors;thereforethe variationof thetrait in the population
thatis dueto geneticeffects,andhencethe heritability of the trait, is very low. The reasorwhy

we are confidentthat thumbsare amenableo adaptionis not dueto heritability measuresbut

becauseve have a goodideaof how they develop. In particularwe know that pentadactylimbs

aretheresultof highly canalisegrocessethatare (normally) very robustagainsternvironmental
disruption,andsowill re-appeain the lineageassoonasthe ervironmentalfactoris removed.

Thisunderstandinthenallowsusto disregardcasesn whichthetrait fails to bepassean: thumbs
areinheritableeventhoughthey have low heritability.

Of coursemethodologicallyspeakingit is very difficult to understandhe comple develop-
mentalprocessethatlink genego phenotypidraits; andstatisticalheritability experimentsarea
goodway of identifying particularmutationsworthy of furtherinvestigation.Howeverwe should
not confusethe methodof investigationwith the objectof investigation. Fisherhimself— the
inventorof ANOVA — warnedagainstthe so-calledcoeficient of heritability, which | regardas
oneof thoseunfortunateshort-cutswhich have emegedin biometryfor lack of a morethorough
analysisof the data(1951,p217). And Batesonconcludeghat ‘analysesof statisticalinteraction
shouldbe the startingpoint of attemptsto understanchow developmentalprocessesvork and
shouldnot be treatedasendsin themseles(1987,p2). If the ervironmentplaysno role in the
developmentof atrait, or if its contrikution is strictly separabldérom that of geneticfactors(i.e.
the variancesareadditive), thenwe canuseheritability to characterisénheritance However this
is the exceptionratherthanthe rule and,in general determininginheritability involvesisolating
thegeneticanddevelopmentamechanismsinderlyingthatinheritance.

Themechanisnof this geneticnheritanceneednot be nuclearDNA. For exampleSonneborn
hasshown thatif the patternsof cilia on the surfaceof Parameciaaresumgically alteredthenthe
samepatternwill beinheritedby descendantfl963); morewer this transmissions independent
of changesn the nucleus(1970). However the inheritancein this caseis still ‘genetic’ in the
sensehatit is mediatedoy a heritableunit analysableisingthe sameformallogic andprocedures
developedfor DNA-basedheritablesystemsgven thoughthe unit in this caseis composedf
microtukular proteinassemblieandnot DNA (Frankel,1983)(Whittle,1983).

The samepoint generalise$o othercasesf propertyinheritance.For example,supposdwo
rich familiesbestav their privilegeson their offspring. Thefirst give their childrena large sumof
mone assoonasthey reachmajority, but thenlet themfendfor themseles. Thesecondensure
thattheirchildrengoto thebestschoolsanduniversitiesjnherittitles, andareintroducedo all the
right socialnetworks but the childrenarenever givenary money directly. Both will producedong
dynastieof wealthandsocialpower. However in the first caseit is the wealththatis inherited,
with privilegebeingthelikely resultgivena particularsocialervironment.In theseconccaseit is
thesocialpositionthatis inherited,andwealthis theresultthataccruesinherentn the concepof
inheritancds theideathatsomethings preseredthroughcopying,eventhoughits effectsmaybe
dependenbn the environment. The two setsof childreninheriteddifferentpropertiesrom their
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parentsgventhoughtheresultswerethe same.Whendeterminingwhich propertiesareinherited
it is themechanisnof the copyingprocesghatmattersnottheobsenedresult.

In the caseof naturalselectioncorrelationdbetweerparentsaandoffspringcanbeachieredin
oneof two ways. Thefirst is throughthe mechanisnof a sharedervironment. But in orderfor
correlationto countasinheritancegheremustalsobe someelementof this causalink thatis in a
strongsensandependendf thedevelopmentaknvironment,.e. theremustbeanentity possessed
by both parentsand childrenasa resultof which the trait may, or may not, develop, depending
on the ervironment. Moreaover, if we areto useinheritanceto explain an obsered correlation
betweenparentsaandchildren,andhenceto explain theresponsef thetrait to selectionthenthat
entity musthave anidentity independentlyf its role in thedevelopmenibf thattrait.

(Of courseMendelrealisedall this 100 yearsagowhenhe developedthe notionof thereces-
sive gene— i.e. agenethatis possessely anorganism,andmay be passedn to its offspring,
but which doesnot have phenotypiceffects. The concepiof therecessie geneonly makessense
if its possessiogonditionsareindependentf its expressiorconditions,i.e. if we candetermine
whetheranorganismpossessesgenendependentlyf whetherary obsenabletraitsareaffected.
Howeverthequestiorhereis notwhethematuralselectionis, in fact, mediatecby ageneticmech-
anismbut whethersucha mechanisnis a necessargonditionfor naturalselectiorto proceed.)

8.4 Evolution and Development

A breedof cow thatreliably gave birth to a high proportionof heiferscomparedo bullockswould

be very profitableto farmers,but no amountof artificial selectionhasmanagedo produceone.
Why not? Thereasons thatonemoreconditionmustbe metif atrait is to respondo selection.
It is not sufficient that thereis a discretegeneticmechanisnmunderlyinga correlationbetween
parentsandoffspring (i.e. thatthetrait is inheritable). It is alsonecessaryhatthe effect of that
geneticfactorin thedevelopmenbf atrait must,to someextent, beindependenof others.Thisis

anaspecbf developmenthatNeedhanoriginally identifiedas‘dissociability’:

In thedevelopmenbf ananimalembryo proceedinghormallyunderoptimumcondi-
tions,thefundamentaprocesseareseenasconstitutinga perfectlyintegratedwhole.
They fit in with eachotherin sucha way that the final productcomesinto being
by meansof a preciseco-operationof reactionsand events. But it seemsto be a
veryimportant,if perhapsnsufficiently appreciatedfact, thatthesefundamentapro-
cessearenotseparablenly in thought;thaton the contrarythey canbe dissociated
experimentallyor thrown out of gearwith oneanother This conceptionof out-of-
gearishnesstill lacksa satisfactoryname,but in the absencef betterwords,disso-
ciability or disengagementill beusedn whatfollows. It is alreadyclearthatembry-
onicgrowth canbestoppedvithoutabolishingembryonicrespirationandconversely
it is probablethatgrowth or differentiation,undercertainconditions,may proceedn
the absenceof the normalrespiratoryprocesses.Thereare mary instancesagain,
wheregrowth anddifferentiationareseparablelt is asif eitherof theseprocessesan
bethrown out of gearatwill, sothat,althoughthe mechanismarestill intact,oneor
otherof themis actingas“layshaft” or, in engineeringerms,isidling. (1933,p180-1)

If atrait is notdissociablédrom othersthenary mutationthatis developmentallyiable will,
ipsofacto, carrythattrait. Thereforetherewill benovariationin thattrait in the population.Even
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if thattraitis inheritablethenit will still beimperviousto adaptatiorby naturalselection.Thuswe
find thatnoamountof selectiorsucceedm changinghesymmetryof ocellii in Drosophila(May-
nardSmith& Sondhi,1960)or thesex ratiosin diploid organismgsuchascattle)(MaynardSmith,
1978). Gould (1977,p234)hasalsousedthe effectsof suchdevelopmentaktonstraintgo explain
persistenstasisn evolutionin whichlong-termselectiorfails to produceary appreciablehange.

Developmentalconstraintscan affect evolution in mary ways, either by preventingary re-
sponseo selectionat all, or by preferringselectionin one particulardirection(MaynardSmith,
1985). Theresponsef a populationto selectionis oftenlikenedto a ball rolling acrossa fitness
landscapaowardsthe valleys of optimaladaptation However the effect of developmentaimech-
anismsis to transformthe ball into a complex polyhedronthatwill not necessarilyoll straight
down aslopebut may preferonedirectionto anotheror evencometo reston oneface.

WagnerandAltenbeig (1996)discusshow suchdevelopmentatonstraintsnaybeunderstood
at the level of the genotype. They ague that a pre-conditionfor dissociabilityis the absence
of ‘universal’ pleiotropy (Wright, 1968),in which every genehasan effect on every trait. If an
organismis to respondo selectiorthenits genotypenustbedividedinto discretégenenets’with
partially independentlevelopmentaleffects. If this is the casethen‘genetic changecanoccur
in one of thesegenenetswithout influencingthe others,therebymuchincreasingts chanceof
beingviable. Thegroupingleadsto alimiting of pleiotropyandprovidesaway in which complex
developingorganismsanchangen evolution’ (Bonner 1988,p175).

If thereis no geneticmodularitythenno amountof mutationandselectionwill producere-
liable adaptatiorbecauseselectie pressuresvill not be ableto ‘see’— i.e. have animpacton
the likelihood of replicationof — individual genes. This problemcan be picturedin termsof
the topographyof fitnesslandscapesPleiotropyincreaseshe ruggednessf fitnesslandscapes
since movementalong every dimensionin genotypespace— i.e. mutationat every locus —
will have an effect on the trait underselection,and hencethe fitnessof the phenotype.In such
ruggediandscapeselectionwill oftenresultin populationshbecomingstuckon local maxima,and
this is a significantpracticalproblemin usingartificial evolution asa multivariateoptimisation
technique(Goldbeg, 1989). But if muchof the genomeis neutralwith respecto the trait un-
der selectionthenthe populationis lesslikely to betrappedandselectionwill be morelikely to
produceadaptationBarnett,1998) (Huynen, Stadler & Fontana,1996)(Kimura, 1983). Wag-
nerandAltenbeg empirically investigatedhe effectson evolution of genotype-phenotypmaps
with varyingamountson pleiotropy They foundthatwheredevelopmentwasinsufficiently mod-
ular then‘the Darwinianprocesof mutation,recombinatiorand selectionjwas] not universally
effective in improving complex systems(1996,p967).

Sometimesselectionwill not succeedn producingadaptation;andthis failure canonly be
explainedby understandinghe developmentaprocessethat producea completeorganismfrom
aninheritedgenome Dobzhansk aguedthatnothingin biology canbe understoodaxceptin the
light of evolution. But it is equallytruethatevolution cannot be understooaxceptin thelight of
developmentabiology.

Genomesrenot alwaysmodular anddevelopmenis notalwaysdissociable Pleiotropymay
not be universal,but is still widespread.This fact underliesone part of Lewontin and Gould’s
infamouscritique of adaptationisnn which they questionedhe practiceof
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breakingan organisminto unitary “traits” and proposingan adaptve story for each
consideredeparatelyTrade-ofs amongcompetingselectve demandsxertthe only

brake upon perfection; nonoptimalityis therebyrenderedas a result of adaptation
aswell. We criticisethis approachandattemptto reassera competingnotion (long

popularin continentaEurope)thatorganismsnustbe analysedsintegratedwholes,
with Baup&nnow soconstrainedby phlyeticheritage pathwaysof developmentand

generahrchitecturghattheconstraintshemselesbecomenoreinterestingandmore

importantin delimiting pathway=f changehantheselectve forcethatmay mediate
changewhenit occurs.(1978,p581)

If the conditionsfor adaptatiorby naturalselectionaredefinedpurely at thelevel of individuals,
as Lewontin does, thenthe failure of selectionto produceadaptationcountsas a ‘hit’ against
adaptationismBut if conditionson the mechanisnof inheritanceanddevelopmentareincluded
in thatdefinitionthenwe canaccounffor those'failures’ — justasEinsteincouldaccountor the
failure of Mercuryto follow anelliptical orbit, andCrick andWatsoncouldaccounfor departures
from Mendels secondaw. In this way LewontinandGould’s negative critique of adaptationism
canbeturnedinto a positive proposalfor definingthe conditionsin which adaptatiorby natural
selectionoccurs.

Selectionfor a trait will only produceadaptationto the extent that that trait is dissociable
and modular;but just because trait is dissociabledoesnot imply thatits developmentis inde-
pendenbf the restof the organism. For exampleoneof the mostremarkabledemonstrationsf
geneticmodularityanddevelopmentatissociabilityhasbeenHalderetal’s (1995)succesin get-
ting completephysiologicaleyesto sprouton the wings, legs, andantenna@f otherwisenormal
Drosophilaby targetedmis-expressiorof the ‘eyeless’gene.But eventhoughthe effectsof ‘eye-
less’ arehighly modular this doesnot imply thatthe samegenewould producea compoundeye
if weretranscribednto, say amammal.

LewontinandGouldchallengedvhatthey sav asthereductionistitomismof theadaptationist
view of traits,andinsteademphasisetion organismsdevelop aswholeintegratedunits. Thisis a
healthywarning,but dissociabilityneednot imply atomism.Modularity doesnotimply thatpar
ticular genespr genenets,actalone,but only thatchangesvithin agenenethave limited effects
on the developmentof othertraits. Dissociabilitydoesnotimply thatorganismsarecomposeaf
prior partslike mythologicalchimerasput thatthosemodularpartsdevelopin, andaredependent
on, the contet of the whole organism. Dissociabletraits are thus emegent productsof whole
organisms.

8.5 Conclusion

A trait will respondo naturalselectiononly if it is inheritedvia a modularanddiscretegenetic
mechanismanddevelop dissociably If theseconditionsarenot metthenno amountof selection
will produceadaptation. Thereforea changein genefrequencieds a necessarycondition for

naturalselection.But in the next chapten will aguethata changean genefrequenciess not, in

itself, a suficientcondition.



