
Chapter 8

The Role of Genes in Natural Selection

Thewholepurposeof oursearchfor a‘unit of selection’is to discoverasuitableactor
to play the leadingrole in our metaphorsof purpose.We look at anadaptationand
wantto say, ‘It is for thegoodof . . . ’. Our questis for theright way to completethat
sentence.
— Dawkins,TheExtendedPhenotype

Darwin’s theoryof naturalselectionis extraordinarilysimple,but thenaturalworld to which

it appliesis extraordinarilycomplex. Hereinlies thedifficulty that is thesubjectof thenext two

chapters.

Thetheoryis thatwhenever individualsreproduceat differentratesaccordingto their inher-

ited and randomlymutatedpropertiesthen thoseindividualswill evolve to becomeadaptedto

their environments.But naturedoesnot comeready-carved into individuals. Ecosystemsspread

and competewith others. Speciescompetewithin ecosystems.Speciesare divided into sub-

populationsandcolonies. Organismsaremadeof many reproducingcells. Cells containmany

componentsthathave their own replicatingDNA. And eachDNA stringcontainsmany replicat-

ing sequences.Sowhichof theseindividualsdoesthetheoryapplyto? Whatis thecorrectway to

completeDawkins’ sentence?Therearetwo possibleanswers.

Thefirstansweris thatof Darwin,Wallace,Mayr, Dobzhansky,D.S.Wilson,Gould,andSober,

andwasgeneralisedandgivencanonicalform by Lewontin (1970). Sterelny andKitcher (1988)

describethis asa ‘pluralist’ descriptionof evolution sinceit makesno a priori claim aboutwhat

thoseindividualsare;they maybegenes,organisms,cells within anmulti-cellularbody, groups

of individual,species,or evenmulti-speciedecosystems(Wilson,1976)(Goodnight, 1990).All of

theseunitscanbeselectedaccordingto thetraitsthey inherit,andsocanbecandidatestocomplete

Dawkins’ sentence.

Thesecondansweris thatof Fisher,Haldane,Wright, Williams, E.O.Wilson, Hamilton,and

Dawkins, who insist that the bottomline of evolution is how muchit changesgenefrequencies

and,throughthese,how muchit changesphenotypes.Thesephenotypiceffectscanbeexpressed

at many differentlevels,andin many differentways;but it is only theeffectsongenefrequencies

thatmatter. Thereforegenesaretheultimatebeneficiariesof adaptations.

Thedebatebetweenpluralismandgene-centrismin evolution is a paradigmcaseof themore
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generaldebateover levels of organisationin nature. The pluralist explains evolution in terms

of selectionoperatingat many levels independently, whilst thegene-centristreducesevolution at

higherlevelsto thedifferentialreplicationof genes.In thenext two chaptersI apply thegeneral

argumentsof chapters2 and3 to thisdebate.My aimis to provideasynthesisof thetwo traditions

andtoshow thatnotonlyarebothnecessaryin orderto understandevolutionbut,strictly speaking,

neithermakessensewithout theother.

This debateis important for two reasons. The first is the implicationsthat it hasfor our

understandingof biologicalevolution— andthiswill bethemainfocusof thenext two chapters.

But thisdebatealsohasimplicationsfor thewaythatweapplyDarwin’stheoryto socialevolution.

And thiswill bethesubjectof chapter10

8.1 Evolution and Mendelian Inheritance

What arethe conditionsnecessaryfor evolution by naturalselection?Are proteinsandnucleic

acid necessary, or could evolution occurin entitiesmadeof, say, silicon polymers? Intuitively

thereseemsto benoreasonwhy carbonis theonly possiblesubstrate.Is metabolismnecessary, or

couldevolution occurin entitiesthataremoreinert? Again thereseemsto beno obviousreason

why not. Are genesnecessary, or couldevolutionoccurin entitiesin which therewerenodiscrete

anduniversalgeneticcode?It is herethatintuitionsstartto differ.

Accordingto Lewontin,achangein genefrequenciesis notanecessarypartof thedefinitionof

evolution by naturalselection.He arguesthatevolutionoccurswhenever we have thedifferential

reproductionof individualsaccordingto inheritedandrandomlymutatedtraits,andthisdefinition

is silent on the natureof the mechanismunderlyingthis process:“No particularmechanismof

inheritanceis specified,but only acorrelationin fitnessbetweenparentandoffspring” (1970,p1).

Dennettdescribesevolution, characterisedin this way, asanalgorithmicprocess,anda defining

characteristicof analgorithmicprocessis thatit is ‘substrateneutral’;i.e. it is onein which

the power of the procedureis due to its logical structure,not the causalpowersof
thematerialsusedin theinstantiation,just solong asthosecausalpowerspermitthe
prescribedstepsto befollowedexactly. (1995,p51)

Now thereis noa priori reasonwhy evolution by naturalselectioncannotoccurin substrates

other thanproteinsandnucleicacid, any more thancognitionrequiresneuronsor life requires

carbonchains— all thesephenomenaare‘multiply realizable’(Kim, 1992). If we usethis weak

senseof substrateneutralitythenDennett’s claim is definitely true. However the issuebecomes

morecomplex whenwe try to defineexactly whatconstitutes‘follo wing theprescribedsteps’of

naturalselection.

Darwin wasable to characterisehow the force of naturalselectionworks in a re-
markablysimpleway: if theorganismsin apopulationthatpossessonecharacteristic
arebetterableto surviveandreproducethantheorganismswith thealternativechar-
acteristic,andif [this characteristic]is passedon from parentto offspring, thenthe
proportionof individualswith that characteristicwill increase.. . .Of course,some
clarificationis requiredof what it meansto saythat a trait is “inherited.” But asa
first approximation,theconditionalclaim if thereis heritablevariationin fitness,then
therewill beevolution(if nothinginterferes)seemsto beremarkablystraightforward.
(Sober, 1985,p27)
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Unfortunatelythe theoryof naturalselectionbecomea little lessstraightforwardassoonaswe

‘clarify’ whatinheritancemeans.

Thefirst point in ‘clarifying’ inheritanceis thatnaturalselectionasanaccountof theorigin of

speciesdependson discretegenetic,i.e. Mendelian, inheritance.If the inheritanceanddevelop-

mentof traits is not discretethentheresultis not theorigin of species,just blending,asDarwin

wasfully aware.It is to ThomasHuxley’scredit that,evenwhilst heactedas‘Darwin’sBulldog’

in his defenceof the fact of evolution, he remainedscepticalwhethernaturalselectionwasits

mechanism.This wasbecausethediscreteinheritancenecessaryfor theformationof specieshad

not beenempiricallydemonstratedto his satisfaction— despiteDarwin spendinghalf a life-time

trying to evolvedistinctspeciesthroughartificial selection(Desmond& Moore,1992,p510-11).It

waslargely for thisreasonthatnaturalselectionwasnot generallyacceptedasthedominantforce

in evolution until it wasunified with Mendeliangeneticsby Fisher(1930),Haldane(1932)and

Wright (1931). But Dennett(1996)pointsout thatMendelismwasa ‘triumph for substrateneu-

trality’ sinceneitherMendel,nor theearlypopulationgeneticists,hadany ideawhatthematerial

realisationof theseunitsof hereditywas.

MendelsavedDarwin; but whatsavedMendel?Until thediscovery of thestructureof DNA

in 1953Mendel’s geneswereabstracta: theoreticalentitiesdefinedsolely in termsof observed

patternsof inheritedtraits.Thereforetheir statusaslegitimatescientificentitiesrestedentirelyon

theirempiricalusefulness.Howevertheempiricalsuccessof Mendeliangeneticsasanexplanation

of the distribution of traits dependson finding traits that arediscretelyencodedin geneswhose

effectson phenotypesandfitnessarerelatively robust,andsofit our simplemodels.Mendelwas

extremelyfortunatein his choiceof organismandtrait since,in colorationin peas,hehappened

upona trait thatmet theseconditions.However mosttraitsarenot dueto singlegeneswith full

penetranceandcompleteexpressivity,andsodonotalwaysfollow theclearpatternsof Mendelism.

If Mendelhadstartedby enquiringinto, say, theheightof hispeasthenit is unlikely thathewould

have found the clearpatternsthat allowedhim to formulatehis theory, sinceheightdependson

many differentgenesandis verysensitiveto environmentalchanges.Mendeliananalysiscannot,

in general,beusedto determinethegenotypeof anindividualorganismfor suchquantitativetraits

(Griffith & Suzuki,1993,p827).

Until 1953Mendeliangeneticswasnotatruetheory(in thesenseof section3.3),but anas-yet

unfalsifiedhypothesis.Until 1953Mendel’s patternsof inheritancewerealwaysat risk of being

exposedasnothingmorethanempirically usefuldescriptions,like Copernicus’epicycles. But

onceMendel’s abstractaweretransformedinto the illata of DNA then,evenif counter-examples

to Mendel’s laws werediscovered,his laws of inheritance(andhencealsoDarwin’s theoryof

naturalselection)would not be threatened.For example,Mendel’s Secondlaw statesthat, in a

diploid organismwith haploidgametes,genesat differentloci will betransmittedindependently;

thusif A,a andB,b arepairsof allelesatdifferentloci, andif anorganismis heterozygousatboth

loci, thentheprobabilitiesthatagametewill receiveany of thefour possiblegeneticcombinations

AB, Ab, aB, ab, areall equal.But this is not truein general(Kitcher, 1984).For example,alleles

on the samechromosomewill tendto be transmittedtogether. Only geneson non-homologous

chromosomesassortindependently. But becausewe have someunderstandingof how Mendel’s

genesmaybearrangedon a chromosome,andof themechanismunderlyingmeiosis,we do not
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dismissMendelasaresult.

A similar argumentappliesto the caseof the non-inheritanceof acquiredcharacteristics—

the postulatethat markedmodernevolutionarytheory’s breakfrom Lamarck. After 1953Crick

re-christenedthispostulateastheCentralDogmaof molecularbiology, whichstatesthatinforma-

tion cannotpassfrom proteinto DNA but only thereverse;i.e. changesto thephenotypeincurred

duringdevelopmentwill have noeffect on theDNA passedon to subsequentgenerationsthrough

thegerm-line.However it is interestingto notethatCrick calledthis thecentraldogmaof molec-

ular biology, ratherthanthecentraltheorem: it wasa claim abouthow inheritanceworked,not a

known fact1. It is onlyoverthelast40yearsthathaveweslowly discoveredtheextentto whichthe

CentralDogmais true.Indeed,therearesomeisolatedcasesin whichit is notstrictly true,but this

doesnot threatentheCentralDogma— or Darwin. Becausewenow understandthebiochemistry

of how DNA is replicatedthe CentralDogmacannow be regardedasa true theoryabouthow

geneticinheritanceworks,ratherthanapurelyempiricalgeneralisation.

ThusLewontin’sconditionsarenotquitesufficientto guaranteeevolutionby naturalselection.

It is not enoughthat traits are inherited,but this inheritancemustbe via discreteunits that are

unaffectedby theresultingphenotype:i.e. genes.Lewontin’sconditionsarecouchedin termsof

patternsof inheritanceobservablein the traitsof organismsbut evolution requiresthat,not only

doesthe substrateproducethesepatterns,but the substrateproducesthesepatternsin the right

way. And the‘right way’ includesdiscretegenesthatarereplicatedindependentlyof phenotypic

properties.Inheritancecannotbecharacterisedpurelyat thelevel of thetraitsof individuals.This

problemmanifestsitself whenwetry to determinewhetheraparticulartrait is heritable.

8.2 Nature and Nurture

Inheritance,looselyspeaking,isasimilaritybetweenparentsandchildren.Howeverthissimilarity

can be causedin two differentways: eitherbecausesomethingis ‘passeddown’ from parents

to children, or becausethey sharea commonenvironment. Only the first form of inheritance

producesnaturalselection,but all biologicaltraitsaretheproductof developmentalprocessesthat

involve both. Thereforeif we want to determinewhethera trait will be amenableto adaptation

thenwemustfind somewayof determiningthecontributionof genetic,ratherthanenvironmental,

inheritance.This contribution is normallyquantifiedastheheritability of thetrait, definedasthe

proportionof total variancein thetrait thatis dueto genetic,ratherthanenvironmental,variance.

Therearetwo setsof problemsin determiningheritability. Thefirst aremethodological.The

standardtechniquefor measuringheritability is to raiseavarietyof strainsin avarietyof environ-

mentsandthencalculatetheir relative effectson the trait. But this techniquecannotdistinguish

differencesthat aredue to geneticfactorsfrom thosethat aredueto the maternalenvironment

provided by the uterusor the cytoplasmicenvironmentof the zygote. For examplebabiesborn

to poor, badly educated,mothershave lower birth-weightandshorterconcentrationspansthan

thoseborn to therich andwell educated(Gonzales,1985). Therefore,even if thosechildrenare

subsequentlyadoptedandraisedin randomdistribution of environments— or if thosechildren

aregivena commoneducationalenvironment— andwe subsequentlyfind that thereis a strong

correlationbetween,say, theIQ of thebirth-motherandthatof thechildren,we still donot know

1Thanksto JohnMaynardSmith,personalcommunication,for this point.
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if this correlationis dueto geneticor maternal-environmentaleffects(Roubertouxet al., 1990).

The environmentstartsto affect a child well beforebirth, thereforeenvironmentalandgenetic

effectscanonly beexperimentallyseparatedby transplantingembryosbetweenuteruses,or chro-

mosomesbetweenzygotes.Suchexperimentsdemonstratetwo things.Thefirst is thatuterineand

chromosomalenvironmentsdo indeedhave effectsthatwould ordinarily beclassedasgeneticin

thoseorganisms,suchashumans,wheresuchtechniquesarenot possible(Nosten,1989)(Nosten

& Roubertoux,1988)(Carlier& Roubertoux,1984)(Carlieretal.,1991).Thesecondis that,in an

operationalsense,we cannotdeterminetheheritability of a trait from theobservedpropertiesof

thewholeorganism,but mustalsobeableto isolatethegeneticmaterialandmanipulateit directly.

If therewerenodiscretegeneticmaterialthenit wouldbeimpossibletoconclusivelydeterminethe

heritabilityof a trait usingthismethod,andhencewhetherselectionfor it will produceadaptation.

The alternative methodof determiningheritability is to measurethe responseto selection

directly: if the distribution of a trait in a populationrespondsto selection,then that trait must

be heritable2. 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 differentialreproductionof heritabletraits,but

defineatrait asheritablewhenit evolvesin responseto selection,thenweareleft with atautology.

Weneedamethodfor determiningwhethera trait will respondto selectionthatdoesnot reduceto

observingthat,in fact, it does.

The problemsof separatingthe contributionsof environmentalandgeneticfactorsarecom-

poundedwheninvestigatinghumanbehavioural traits,sinceethicalconsiderationsforbid usfrom

manipulatingenvironmentsand/orgeneticmaterialdirectly. For examplePlominetal (1977)(1985)

discusshow anindividualmayactively or passively constructtheir own environmentaccordingto

somegeneticpredisposition.Teachers,for example,maygive a particularlybright child a more

enrichededucationalenvironment,whilst thepeersandcarersof a sociablechild maywell recip-

rocatetheir affection. The only way to separatethe effectsof environmentalandgeneticfactors

in thesesituationswouldbeto giveasub-populationof childrenpurposelyimpoverishedenviron-

ments,andthis is not ethicallypossible:we would have to deliberatelyignoretheir demandsfor

stimulationor affection. Thesameconfusionoccurswhengeneticandenvironmentalfactorsare

correlatedfor otherreasons.For examplein many adoptionstudiesthereis considerableselective

placement,in which childrenareplacedin homessimilar to the parentalenvironment(Loehlin,

1979).Thisagainhastheeffectof confusingenvironmentalandgeneticeffects.

Thesemethodologicalproblemsin determiningheritability reflectan underlyingconceptual

problem. The purposeof the conceptof heritability is to measurethe relative contributionsof

geneticandenvironmentalfactorsto a trait. However all traitsarecompletelydependenton both

environmentandgenes.Both are100%necessary, so doesit makeany senseto comparetheir

relativecontributions(Anastasi,1958)?But althoughthis truismappliesto individualsit doesnot

applyto differencesbetweenindividualsin apopulation:if weconsiderapopulationof genetically

identicalindividualsthenthedifferencesbetweenthemmustbedueto environmentalfactors;and

if individualsareraisedin thesameenvironmentthendifferencesmustbedueto geneticfactors.

But in order to quantify heritability it is necessaryto comparethe contributionsof eachfactor

2Thoughin section8.4I discussexamplesof traitsthatareheritablebut still do not respondto selection.
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whenthetwo effectsarecombined.This is doneusinganalysisof variance(ANOVA) techniques:

Supposewe wantedto measuretheheritability of theyield of wheatby raisingtwo different

strainsundertwo fertilisationregimes3. Theanalysisof variancerepresentsthecausalroleof these

two factorsby showinghow theaverageyield of plantsonaplot departsfrom (1) theaverageyield

of all plants,(2) from theaverageyield of all plantsthatreceivedasmuchfertiliserasthosein the

plot in questiondid, and(3) from theaverageyield of plantsof thesamestrain.Supposethat the

yield followedthispattern:

StrainS1 StrainS2 Marginal Average

FertilisationF1 1 3 2

FertilisationF2 3 5 4

Marginal Average 2 4 3

In thiscasedifferencesin strainandenvironmenthaveequaleffectsonyield, andsoits heritability

will be50%.In anothercasetherespectiveyieldsmaybe

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

cases,the combinedeffectsof the two factorsis a linear sumof the separatecontributions. In

the secondcasestrain S2 produces,on average,a yield 2 units greaterthan the overall mean;

F2 promotesyield by 1 unit; andthecombinationof F2 andS2 yields 3 moreunits thanmean.

However, supposetheyield is

StrainS1 StrainS2 Marginal Average

FertilisationF1 1 3 2

FertilisationF2 5 9 7

Marginal Average 3 6 4.5

Herethemarginal yield of F2 is 2.5,thatof S2 is 1.5,but thecombinedeffectof F2 andS2 is 4.5.

Theextra half a unit of yield is not dueto environmentaleffects,nor to geneticfactors,but to the

interactionof themboth.In othercasestheremaybeno‘main’ effectsatall, with all variancedue

to interaction.For example,oneenvironmentmayincreasetheyield of onestrainbut decreasethe

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 neteffectsat all. This is not a purelyartificial

3This examplehasthesamestructureashumanadoptedtwin experiments.For ‘strain’ read‘monozygotictwins’,
andfor ‘fertilisation regime’ read‘homeenvironment’.
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example.For exampleLevins andLewontin (1985)discusstwo mutationsin Drosophila, known

asUltrabarandInfrabar, which affect thenumberof facetsin theadult’seye. Infrabar produces

lessfacetsthanUltrabar if the fly developsin anenvironmentat 15
�
C, but moreat 30

�
C. The

marginal meaneffectsof mutationsandenvironmentalfactorsareverysmall— sincethey will be

positive in onecaseandnegative in another— but thecombinedeffect is considerable.In such

casesheritabilitygivesusnousefulguideasto theresponseof thetrait to selection.

ANOVA techniquesaccountfor interactionby regardingthe valueof a trait asa sumof the

contribution due to geneticfactors,that dueto environmentalfactors,anda third term that de-

scribestheeffectsof their interaction.But heritabilityonly measurestherelationshipbetweenthe

first two parts.Thismuchis uncontroversial,theissueis whetherit matters.Plominarguesthatit

doesnot, for two reasons.

The first reasonis that Plomin claimsthat, asa matterof fact, the interactioneffects in, for

example,humanbehavioural traitstendto bequitesmall (1988,ch9). However Wahlsten(1990)

pointsout thatthis is morelikely to bedueto thefact thatANOVA is pooratdetectinginteraction

effectsin smallpopulationsizes,ratherthantheirabsence— aproblemthatismorelikely to occur

in humanadoptionstudiesthatin researchon laboratoryanimals:

Interactionhasbeenevaluatedin studiesof humanIQ andusuallynoneisseen(Plomin
et al., 1977)(Plomin & DeFries,1983) (Plomin, 1986). Generalisationshave then
beenmadethat heredityandenvironmentaretruly additive, andsophisticatedpath
modelshave beendevelopedto partitionvarianceandcovarianceundertheassump-
tion that interactionis negligible (Heath,1985)(Henderson,1982)(Phillips, Fulker,
& Rose,1987)(Plomin et al., 1985). On the otherhand,an immensecollectionof
well-controlledlaboratorystudiesof animalshasprovidedabundantevidenceof sig-
nificantandilluminatinginteractionsbetweenheredityandenvironment.At the1987
BehaviouralGeneticsAssociationmeetingin Minneapolis,theconcurrentsessionson
humanandanimalstudieswerelike two separateworldsin termsof attitudestowards
interaction.Many humangeneticistsdismissedinteractionandcitedheritabilityesti-
mateswith greatconfidence,while mostof thosestudyingmice, rats,andfruit flies
documentedoncecaseof interactionafter anotherandexpressedskepticismabout
heritabilitycoefficients.(Wahlsten,1990,p112)

If the assumptionof zerointeractionis madeandANOVA techniquesuseduncritically then

seriouserrorscanoccur. For exampleScḧonemann(1997)notesthat adoptionexperimentstyp-

ically give heritabilitiesfor humanIQ of around60–80%,which is higherthanthatof traits that

canbemorepreciselymeasuredin larger, andbettercontrolledpopulations,suchasbody fat in

pigs,or lengthof wool in sheep(30–50%);whilst thesamemeasuresusedonsuchspurioushuman

traitsaswearingsunglassesafterdarkcangive heritabilitiesof over 100%. Indeed,accordingto

thesamedata,religiouspreferenceis moreheritablethanrace!

HoweverPlominalsoarguesthatANOVA-typeheritabilitycoefficientsaremeaningfulevenif

interactioneffectsarepresentsinceheritability only measurestherelationshipbetweenthemain

(additive) effects. ‘Main effectsandinteractionsareindependent— meaneffectsof G andE are

not invalidatedby thepresenceof G � E interactions’(1990). However theexistenceof additive

main effects is an assumptionof the ANOVA technique,andtheir statisticalsignificancein ac-

countingfor thedistributionof thetrait is no guaranteethatthey accuratelyreflecttheunderlying

relationshipbetweennatureandnurture. For example,supposethat a trait werethe arithmetic
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productof G andE (i.e. Y � G � E). An ANOVA on this datamaystill find someadditivecompo-

nent,but thiswouldsolelybeanartefactof themethod.Wahlsten(1990)(following Nabi) shows

theproblemsthatwould resultif thesamemethodwereusedto analyse,for example,gravity. We

know thattheactual law is

F �
Gm1m2

d2 (8.1)

But supposethatweanalysedtheeffectsof mass(m2) anddistance(d) on theforce(F) measured

onanobjectby afixedmass(m1).

Theexperimenter’s conclusionsfrom theANOVA would bethatbothmassanddis-
tanceareimportantfor the force,althoughthe internalfactor (mass)is rathermore
importantandaccountsfor morevariancethantheexternalfactor(distance),andmass
anddistanceareadditivebecausetheinteractiontermisnotevencloseto significance.
Hemight evenproclaima simplifiedlaw of gravitation,F � µ � m � d. . . .

It makesnosenseto saythata person’sweightdependsmoreonbodysizethatplanetof resi-

dence,but this is preciselywhatANOVA techniquestry to measure.And thereis noa priori rea-

sonwhy theinteractionbetweengenesandenvironmentin thedevelopmentof anorganismwill be

simplerthanthatbetweenmassanddistancein producinggravity — indeedmostof theevidence

from developmentalgeneticspointsto morecomplexity, not less(Pritchard,1986).Thereforeit is

similarly meaninglessto saythata trait dependsmoreon naturethanon nurture.Theanalysisof

variancecanoftensucceedin hammeringcomplex interactionsinto additiveholes,but we should

not confusetheresultof this procedurewith theoriginal shape.Heritability coefficientsgive usa

distortedpictureof therelationshipbetweengenesandenvironmentin theprocessof inheritance,

but whatis thealternative?

8.3 Inheritance and Mechanism

What do we meanby an ‘inherited’ trait, i.e. one that is amenableto adaptationby selection?

Considera lineageof blackravens.Their blacknessmaybedueto geneticfactors,environmental

factors(suchasa peculiarity in the local diet) or a combinationof both. We canobserve that

the trait has,in fact, beeninheritedin the pastbut the questionis whetherit is inheritable, i.e.

whetherthis trendwill continueinto the future. Inheritability is thus a dispositional property,

like solubility; andjust asthe solubility cannotbe equatedwith the fact of dissolvingin water,

so inheritability cannotbeequatedwith the fact of having similar offspring. We needto identify

somepropertyof theoffspringof thelineagethatgivesussomereasonto believethatit will share

the trait of its ancestors.We needsomejustificationfor an inductionfrom pastto futureravens.

In section3.5 I arguedthatsuchinductionsarenot justifiedsimply by noting instancesof black

ravens,but only by explainingtheobservedconnectionbetweenravenhoodandblacknessthrough

an understandingof the developmentalprocessesconnectingthe wild-type genomeof Corvus

corax to featherpigmentproduction.This providesgoodgroundsfor believing thatall organisms

thatcarrythosegeneswouldbeblack.

Inheritability is an implicitly causalproperty: it is not just a correlationbetweentraits of

parentsandchildren,but ratherimpliesthatsomethingis passedon from parentsto childrenthat
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causesthattrait to re-occur. If weuncoversuchaprocessthenatrait will still beproperlyclassified

asinheritableevenif thatcorrelationmaybedisruptedby anenvironmentalfactor. Ariew (1997),

for example,cites the exampleof opposablethumbs,which seemto be a paradigmcaseof an

inheritedadaptedtrait. However almostall modernhumanswho lack thumbsarethevictims of

thalidomide,andotherenvironmentalfactors;thereforethevariationof thetrait in thepopulation

that is dueto geneticeffects,andhencetheheritability of the trait, is very low. Thereasonwhy

we areconfidentthat thumbsareamenableto adaptionis not due to heritability measures,but

becausewe have a goodideaof how they develop. In particularwe know thatpentadactyllimbs

aretheresultof highly canalisedprocessesthatare(normally)very robustagainstenvironmental

disruption,andso will re-appearin the lineageassoonasthe environmentalfactor is removed.

Thisunderstandingthenallowsustodisregardcasesin whichthetrait fails tobepassedon: thumbs

areinheritableeventhoughthey have low heritability.

Of course,methodologicallyspeaking,it is very difficult to understandthecomplex develop-

mentalprocessesthat link genesto phenotypictraits;andstatisticalheritability experimentsarea

goodwayof identifyingparticularmutationsworthyof furtherinvestigation.Howeverwe should

not confusethe methodof investigationwith the objectof investigation.Fisherhimself — the

inventorof ANOVA — warnedagainst‘the so-calledcoefficient of heritability, which I regardas

oneof thoseunfortunateshort-cutswhich have emergedin biometryfor lack of a morethorough

analysisof thedata(1951,p217). And Batesonconcludesthat ‘analysesof statisticalinteraction

shouldbe the startingpoint of attemptsto understandhow developmentalprocesseswork and

shouldnot be treatedasendsin themselves(1987,p2). If the environmentplaysno role in the

developmentof a trait, or if its contribution is strictly separablefrom thatof geneticfactors(i.e.

thevariancesareadditive), thenwe canuseheritability to characteriseinheritance.However this

is theexceptionratherthanthe rule and,in general,determininginheritability involvesisolating

thegeneticanddevelopmentalmechanismsunderlyingthatinheritance.

Themechanismof thisgeneticinheritanceneednot benuclearDNA. For exampleSonneborn

hasshown that if thepatternsof cilia on thesurfaceof Parameciaaresurgically alteredthenthe

samepatternwill be inheritedby descendants(1963);moreover this transmissionis independent

of changesin the nucleus(1970). However the inheritancein this caseis still ‘genetic’ in the

sensethatit is mediatedby aheritableunit analysableusingthesameformal logic andprocedures

developedfor DNA-basedheritablesystems,even thoughthe unit in this caseis composedof

microtubularproteinassembliesandnot DNA (Frankel,1983)(Whittle,1983).

Thesamepoint generalisesto othercasesof propertyinheritance.For example,supposetwo

rich familiesbestow their privilegeson their offspring.Thefirst givetheir childrena largesumof

money assoonasthey reachmajority, but thenlet themfendfor themselves. Thesecondensure

thattheirchildrengoto thebestschoolsanduniversities,inherittitles,andareintroducedto all the

right socialnetworks,but thechildrenarenevergivenany money directly. Bothwill producelong

dynastiesof wealthandsocialpower. However in the first caseit is thewealththat is inherited,

with privilegebeingthelikely resultgivena particularsocialenvironment.In thesecondcaseit is

thesocialpositionthatis inherited,andwealthis theresultthataccrues.Inherentin theconceptof

inheritanceis theideathatsomethingis preservedthroughcopying,eventhoughits effectsmaybe

dependenton theenvironment.Thetwo setsof childreninheriteddifferentpropertiesfrom their
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parents,eventhoughtheresultswerethesame.Whendeterminingwhich propertiesareinherited

it is themechanismof thecopyingprocessthatmatters,not theobservedresult.

In thecaseof naturalselection,correlationsbetweenparentsandoffspringcanbeachievedin

oneof two ways. The first is throughthe mechanismof a sharedenvironment. But in orderfor

correlationto countasinheritancetheremustalsobesomeelementof this causallink that is in a

strongsenseindependentof thedevelopmentalenvironment,i.e. theremustbeanentitypossessed

by both parentsandchildrenasa resultof which the trait may, or maynot, develop,depending

on the environment. Moreover, if we areto useinheritanceto explain an observed correlation

betweenparentsandchildren,andhenceto explain theresponseof thetrait to selection,thenthat

entitymusthave anidentity independentlyof its role in thedevelopmentof thattrait.

(Of courseMendelrealisedall this 100yearsagowhenhedevelopedthenotionof thereces-

sive gene— i.e. a genethat is possessedby anorganism,andmaybepassedon to its offspring,

but which doesnot have phenotypiceffects.Theconceptof therecessive geneonly makessense

if its possessionconditionsareindependentof its expressionconditions,i.e. if we candetermine

whetheranorganismpossessesageneindependentlyof whetherany observabletraitsareaffected.

Howeverthequestionhereis notwhethernaturalselectionis, in fact,mediatedby ageneticmech-

anismbut whethersucha mechanismis a necessaryconditionfor naturalselectionto proceed.)

8.4 Evolution and Development

A breedof cow thatreliablygavebirth to ahighproportionof heiferscomparedto bullockswould

be very profitableto farmers,but no amountof artificial selectionhasmanagedto produceone.

Why not? Thereasonis thatonemoreconditionmustbemet if a trait is to respondto selection.

It is not sufficient that thereis a discretegeneticmechanismunderlyinga correlationbetween

parentsandoffspring (i.e. that the trait is inheritable). It is alsonecessarythat theeffect of that

geneticfactorin thedevelopmentof a trait must,to someextent,beindependentof others.This is

anaspectof developmentthatNeedhamoriginally identifiedas‘dissociability’:

In thedevelopmentof ananimalembryo,proceedingnormallyunderoptimumcondi-
tions,thefundamentalprocessesareseenasconstitutingaperfectlyintegratedwhole.
They fit in with eachother in sucha way that the final productcomesinto being
by meansof a preciseco-operationof reactionsand events. But it seemsto be a
veryimportant,if perhapsinsufficientlyappreciated,fact,thatthesefundamentalpro-
cessesarenot separableonly in thought;thaton thecontrarythey canbedissociated
experimentallyor thrown out of gearwith oneanother. This conceptionof out-of-
gearishnessstill lacksa satisfactoryname,but in theabsenceof betterwords,disso-
ciability or disengagementwill beusedin whatfollows. It is alreadyclearthatembry-
onicgrowthcanbestoppedwithoutabolishingembryonicrespiration,andconversely,
it is probablethatgrowth or differentiation,undercertainconditions,mayproceedin
the absenceof the normal respiratoryprocesses.Therearemany instances,again,
wheregrowth anddifferentiationareseparable.It is asif eitherof theseprocessescan
bethrown out of gearatwill, sothat,althoughthemechanismsarestill intact,oneor
otherof themis actingas“layshaft” or, in engineeringterms,is idling. (1933,p180-1)

If a trait is not dissociablefrom othersthenany mutationthatis developmentallyviablewill,

ipsofacto, carrythattrait. Thereforetherewill benovariationin thattrait in thepopulation.Even
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if thattrait is inheritablethenit will still beimperviousto adaptationby naturalselection.Thuswe

find thatnoamountof selectionsucceedsin changingthesymmetryof ocellii in Drosophila(May-

nardSmith& Sondhi,1960)or thesex ratiosin diploidorganisms(suchascattle)(MaynardSmith,

1978).Gould(1977,p234)hasalsousedtheeffectsof suchdevelopmentalconstraintsto explain

persistentstasisin evolutionin whichlong-termselectionfails to produceany appreciablechange.

Developmentalconstraintscan affect evolution in many ways,eitherby preventingany re-

sponseto selectionat all, or by preferringselectionin oneparticulardirection(MaynardSmith,

1985). Theresponseof a populationto selectionis oftenlikenedto a ball rolling acrossa fitness

landscapetowardsthevalleys of optimaladaptation.However theeffect of developmentalmech-

anismsis to transformthe ball into a complex polyhedronthat will not necessarilyroll straight

down aslopebut maypreferonedirectionto another, or evencometo restononeface.

WagnerandAltenberg (1996)discusshow suchdevelopmentalconstraintsmaybeunderstood

at the level of the genotype. They argue that a pre-conditionfor dissociabilityis the absence

of ‘universal’pleiotropy(Wright, 1968),in which every genehasaneffect on every trait. If an

organismis to respondto selectionthenits genotypemustbedividedinto discrete‘genenets’with

partially independentdevelopmentaleffects. If this is the casethen ‘geneticchangecanoccur

in oneof thesegenenetswithout influencingthe others,therebymuchincreasingits chanceof

beingviable.Thegroupingleadsto a limiting of pleiotropyandprovidesawayin whichcomplex

developingorganismscanchangein evolution’ (Bonner, 1988,p175).

If thereis no geneticmodularitythenno amountof mutationandselectionwill producere-

liable adaptationbecauseselective pressureswill not beableto ‘see’ — i.e. have an impacton

the likelihood of replicationof — individual genes. This problemcan be picturedin termsof

the topographyof fitnesslandscapes.Pleiotropyincreasesthe ruggednessof fitnesslandscapes

sincemovementalong every dimensionin genotypespace— i.e. mutationat every locus —

will have an effect on the trait underselection,andhencethe fitnessof the phenotype.In such

ruggedlandscapesselectionwill oftenresultin populationsbecomingstuckon localmaxima,and

this is a significantpracticalproblemin usingartificial evolution asa multivariateoptimisation

technique(Goldberg, 1989). But if muchof the genomeis neutralwith respectto the trait un-

derselectionthenthepopulationis lesslikely to betrappedandselectionwill bemorelikely to

produceadaptation(Barnett,1998)(Huynen,Stadler, & Fontana,1996)(Kimura, 1983). Wag-

nerandAltenberg empirically investigatedtheeffectson evolution of genotype-phenotypemaps

with varyingamountsonpleiotropy. They foundthatwheredevelopmentwasinsufficiently mod-

ular then‘the Darwinianprocessof mutation,recombinationandselection[was] not universally

effective in improving complex systems’(1996,p967).

Sometimesselectionwill not succeedin producingadaptation;andthis failure canonly be

explainedby understandingthedevelopmentalprocessesthatproducea completeorganismfrom

aninheritedgenome.Dobzhansky arguedthatnothingin biology canbeunderstoodexceptin the

light of evolution. But it is equallytruethatevolutioncannotbeunderstoodexceptin thelight of

developmentalbiology.

Genomesarenot alwaysmodular, anddevelopmentis notalwaysdissociable.Pleiotropymay

not be universal,but is still widespread.This fact underliesonepart of Lewontin andGould’s

infamouscritiqueof adaptationismin which they questionedthepracticeof
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breakinganorganisminto unitary “traits” andproposingan adaptive story for each
consideredseparately. Trade-offs amongcompetingselectivedemandsexert theonly
brakeuponperfection;nonoptimalityis therebyrenderedas a result of adaptation
aswell. We criticisethis approachandattemptto reasserta competingnotion (long
popularin continentalEurope)thatorganismsmustbeanalysedasintegratedwholes,
with Baupl̈annow soconstrainedby phlyeticheritage,pathwaysof development,and
generalarchitecturethattheconstraintsthemselvesbecomemoreinterestingandmore
importantin delimitingpathwaysof changethantheselective forcethatmaymediate
changewhenit occurs.(1978,p581)

If theconditionsfor adaptationby naturalselectionaredefinedpurelyat thelevel of individuals,

as Lewontin does,then the failure of selectionto produceadaptationcountsas a ‘hit’ against

adaptationism.But if conditionson themechanismof inheritanceanddevelopmentareincluded

in thatdefinitionthenwe canaccountfor those‘failures’ — justasEinsteincouldaccountfor the

failureof Mercuryto follow anelliptical orbit, andCrick andWatsoncouldaccountfor departures

from Mendel’s secondlaw. In this way LewontinandGould’snegative critiqueof adaptationism

canbe turnedinto a positive proposalfor definingthe conditionsin which adaptationby natural

selectionoccurs.

Selectionfor a trait will only produceadaptationto the extent that that trait is dissociable

andmodular;but just becausea trait is dissociabledoesnot imply that its developmentis inde-

pendentof therestof theorganism.For exampleoneof the mostremarkabledemonstrationsof

geneticmodularityanddevelopmentaldissociabilityhasbeenHalderetal’s(1995)successin get-

ting completephysiologicaleyesto sprouton thewings,legs,andantennaeof otherwisenormal

Drosophilaby targetedmis-expressionof the‘eyeless’gene.But eventhoughtheeffectsof ‘eye-

less’arehighly modular, this doesnot imply that thesamegenewould producea compoundeye

if weretranscribedinto, say, a mammal.

LewontinandGouldchallengedwhatthey saw asthereductionistatomismof theadaptationist

view of traits,andinsteademphasisedhow organismsdevelopaswholeintegratedunits.This is a

healthywarning,but dissociabilityneednot imply atomism.Modularity doesnot imply thatpar-

ticular genes,or genenets,actalone,but only thatchangeswithin a genenethave limited effects

on thedevelopmentof othertraits. Dissociabilitydoesnot imply thatorganismsarecomposedof

prior partslike mythologicalchimeras,but thatthosemodularpartsdevelopin, andaredependent

on, the context of the whole organism. Dissociabletraits arethusemergentproductsof whole

organisms.

8.5 Conclusion

A trait will respondto naturalselectiononly if it is inheritedvia a modularanddiscretegenetic

mechanism,anddevelopdissociably. If theseconditionsarenot metthenno amountof selection

will produceadaptation. Thereforea changein genefrequenciesis a necessarycondition for

naturalselection.But in thenext chapterI will arguethata changein genefrequenciesis not, in

itself, a sufficientcondition.


