
PART III: NATURAL HISTORY

The next threechaptersare about Darwin’ s theory of natural selection.Chapter 7 is about

how weusenatural selectionto make senseof biology, and chapters8 and 9 are about theo-

retical issuesin the theory itself, including the role of genesin inheritance, the relationship

betweennature and nurtur e, evolution and development,and the ‘units of selection’contro-

versy. Thesetwo chaptersmostlydealwith issuesin theoretical biology, but my aim through-

out isexposethe underlying philosophicalproblemsin understandingevolutionary processes

in a way that will enableme, in the final part, to apply the sameexplanatory framework to

socialhistory.



Chapter 7

Functions and Norms

Nothingmakessensein biology, exceptin thelight of evolution
— Dobzhansky

For a long time the biologist treatedteleologyashe would a womanhe could not
do without, but did not care to be seenwith in public. The conceptof [genetic]
programmehasmadeanhonestwomanof teleology.
— Jacob,TheLogicof Living Systems

In chapters5 and6 I arguedthatwecandefinethetruthandmeaningof abelief in termsof the

successfulactionsthat it playsa role in. This thenleft theproblemof determiningwhatactions

shouldbeconsideredsuccessful,andwhy?Darwinoffersonepossibleanswer;andin thischapter

I discusswhy, andhow, we shoulduseit.

7.1 Functional Explanation and Darwinian Norms

Accordingto Darwin,a productof naturalselectionis successfulif it contributesto thereproduc-

tion of the organismthatcarriesit1. This criterion of success,or norm, canbeappliedto traits,

suchashearts,or particularevents,suchasa singlebeatof a heart: if a vertebratehadno heart,

or if it hada coronaryattack,thenit would be lesslikely to reproducethanonethatdid. We can

alsoapplythis criterionof successquitenaturallyto behaviour, andto particularactionsandthe

internalrepresentationsthat underliethem. For example,a frog is morelikely to reproduceif it

catchesa fly thanif it misses.Thereforethoseoccasionson which theneuronsin its retinotopic

mapfire whena fly is presentcanbeconsideredsuccesses:its proto-beliefaboutthepresenceof

an‘eatablething’ wascorrect.(Weshallseehow wecanextendthiscriterionof correctnessto the

productsof socialevolution,includinghumanbeliefs,in thefinal chapter.)

Why shouldwe usethis Darwiniannormratherthanany other? The reasonis that it makes

possiblea new way of makingsenseof systemsthatevolve over time. Rememberthat theorigi-

nal problemDarwin ponderedwasthat the naturalworld seemedsosuccessful. Every organism

1Or, moreaccurately, if it contributesto theability of thatorganismto passonits genes.Theissueof therelationship
betweenthereplicationof genesandthereproductionof organismswill bethesubjectof chapters8 and9.



Chapter7. FunctionsandNorms 74

seemedperfectlyadaptedto its ecologicalniche,andevery partof every organismseemedopti-

mally designedto allow thewholeto survive andflourish. Every partof natureseemedto fulfill

a functionfor thewhole. Paley drew theobviousconclusionthat this designwasGod-given,but

Darwin daredto suggestthat this ordercould be explainedby the mechanismof naturalselec-

tion. In otherwordsDarwinnaturalisedfunctionaldescriptionsof nature(in thesensedefinedin

chapter3). Paley knew that thenaturalworld wasfunctionallyorganised,but only Darwin could

explain why.

Naturalisationnormally works ‘from below’ by showing how the behaviour of a whole is

producedby the workingsof its parts. But oncethe mechanismof naturalselectionis in place

then a new kind of explanationis possible,namely functionalexplanation. It is now possible

to explain the workingsof the partsin termsof the contribution that they maketo the whole.

For example,why do heartspumpblood? The usualnaturalised,i.e. mechanical, explanation

is that heartspumpbecausethey have chambersandvalvesandrhythmic control systems.But

the functionalexplanationis thatheartspumpbecausethis helpstheanimalsurvive. Functional

explanationis explanationfrom above, ratherthanfrom below; it accountsfor theexistenceof an

entity in termsof its effects,ratherthanits causes.This typeof explanationonly worksbecause

naturalselectioncanexplainwhy effectsof thattypein thepasthaveledto theexistenceof entities

of that type today. Heartsexist becausethey (or rather, their ancestors)pumpblood,andsoon.

Millikan definesthisastheDirectProperFunctionof anentity (1984): it is whattheentityexists

in orderto do; it is thePurposeof theentity;whatit existsfor.

Theadvantageof usingtheDarwiniannorm,ratherthanany other, is that it enablesusmake

senseof thehistoryof thesystem.This is becauseweareusingthesamecriterionof successthat

evolution uses.TheDarwiniannormis a forcethatoperateswithin nature,ratherthana criterion

thatweareimposingonnaturefrom without.TheDarwiniannormisanaturalisednorm.Consider

this example. It is fairly crass,but it makesthedistinctionclear. Supposewe arecontemplating

a bluebellwoodin spring,andchooseto analyseit usingthenormof ‘looking pretty’. Thewood

succeedsin meetingthatnorm,andthis in turndefinesfunctionsfor its variousparts:thebluebells

have the function of providing a splashof colour, the leaveson the treesfulfill the function of

providing dappledsunlight,andthewormsin thesoil fulfill the functionof aeratingthesoil and

keepingthewhole thing healthy. This normtells us somethingaboutthewood;but it obviously

tells us little aboutits history, aboutwhy it exists in its currentform. For this we have to usethe

Darwiniannorm.Accordingto Darwinthefunctionof thebluebellsis to attractpollinatinginsects,

thefunctionof theleavesis to photosynthesiseandshadeout competitors,andthefunctionof the

wormis to makemoreworms:theDarwinianfunctionexplainswhy eachof theseentitiesexist.

Thetheoryof naturalselectionallowsusto usethefunctionof anentity to explain its history.

However, if wewantto understandthehistoryof a systemtherearetwo distinctquestionswecan

ask. Thefirst howdid thesystemgetlike it is now?, i.e. we canaskaboutthepasthistoryof the

system.But we canalsoaskwhatwill happento thesystemin thefuture?, i.e. we canaskabout

its future history. Now aslong asthereareno major disruptionsto this system,andaslong as

all changeis incrementalandgradual,thenthe answerto the first questionwill alsoanswerthe

second.Bluebellsexist now becausethey attractedinsectsin thepast,andin anundisturbedwood

thissituationis unlikely to changeradically. But supposethatthebluebellswerestolenby anavid
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gardener, transplantedto agreenhouse,andartificially pollinatedin orderto grow new commercial

varieties.Now whatmattersfor thefuturehistoryof theflowersis theirability toattractcustomers,

ratherthaninsects.Thefunctionsof anevolvedsystemchangeassoonasa new selective regime

comesinto place.TheProperfunction— i.e. thefunctiondefinedby pasthistory— hasremained

the same,but the currentDarwinianfunctionhaschanged.We areusingthesamenorm in each

case— i.e. reproductivesuccess— but in onecaseto understandhow thesystemgot to how it is

now, andin theotherto explain how it will changein thefuture. Thesamenormyieldsdifferent

functionsin eachcase.

7.2 The Function of ‘Function’

What is the functionof theconceptof ‘function’? Whatexplanatorypurposedo we want to use

it for? Is it supposedto explain thepasthistoryof a system,or its future?Most of thediscussion

in the philosophicalliteraturehastried to definea single,unitary, conceptof function (seefor

exampleWright (1973),Cummins(1975),Neander(1991),Bigelow andPargetter(1987),and

Millikan (1984)(1993)(1999).)But thereis no reasonto expectthata singleconceptcananswer

bothquestions.

Accordingto Millikan (andWright) thefunctionof anentitymustaccountfor its occurrence:

it is theability of theancestorsof anentity to fulfill thatfunctionthatexplainswhy it existsin that

form today. ThusMillikan’ s ProperFunctionis very similar to what we usuallydescribeasthe

‘purpose’of anentity; i.e. whatthatentity exists for. In otherwordsit is a teleologicalconcept

of function,similar to Aristotle’sFinal Causewhich ‘pulled’ naturaleventstowardssomefuture

goal.But Darwinshowedhow thesamefunctionalorganisationcouldbeexplainedby theforceof

naturalselection‘pushing’ from thepast.Therefore,asMayr (1982)argues,Darwin’s teleology

is not strictly thesameasAristotle’sbut is moreof anasif teleology— whathecalls teleonomy

— i.e. anexplanationof why teleologicaldescriptionswork sowell, ratherthana naturalisation

of final causeperse.2

It is oftenassumedthatfunctionsmustbeteleological.Howeverthereis anotherwayof defin-

ing normsandfunctionsbased,noton thehistoryof anentity, but on its effects.Suchapproaches

aregenerallylabelledconsequentialist. Anscombe(1958)originally invokedthis termto describe

theoriesof ethicalnorms,suchasMill andBentham’s Utilitarianism,or AristotelianandMarxist

ethics(Miller, 1981).To put it crudely, accordingto thesetheoriesanactis considered(ethically)

correct if it contributesto a stateof maximal happiness,eudaimonia, or communism,respec-

tively. Conversely, if theactleadsto astatethatoneconsidersbad(suchasmaximalunhappiness,

dystopia,or to the continuanceof capitalism)thenthe actwaswrong. And if the actmakesno

positivecontributioneitherway thenit is ethicallyneutral.Giventhesenormsfor judginganact

then, in certaincircumstance,onecanderive a non-teleologicalsenseof ought. For exampleif

oneis givenanumberof choicesthenwecanuseconsequentialistcriteriafor judgingwhich is the

best.Thatact is thenwhatoneoughtto do. Thusconsequentialisttheoriesstartfrom normsand

thenderiveoughts,ratherthanviceversaasteleologicaltheoriesdo.

2Actually this is not quite true. Aristotle himself considereda proto-Darwiniantheoryof evolutionaryteleology
thathadbeenproposedby Empedocles(seeAristotle’s Physics, II.8). Aristotleagreesthatthiswouldbeanexampleof
teleologicalcausationbut rejectsit on purelyempiricalgroundssincehesaw noevidenceof descentwith modification
in nature.Thuspurposivenessis notana priori partof Aristotle’s teleology, just ana posterioriexplanationof it.
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(Obviouslythepossibilityof derivingoughtsfromnormsdependsonassumptionsaboutagency,

i.e. aboutthemetaphysicsof counterfactualassertionsthatanagentcouldhave acteddifferently.

Doesit makesenseto saythat we oughtto do somethingwe arephysicallyincapableof? This

problembecomesrelevant in section11.3whereI discussthe role of utopiasin forming ethical

judgements,but doesnotaffect thecurrentdiscussion.)

Thenormsthatconsequentialismdefinesfor anentity arederivedfrom thenormsof its con-

sequences.BenthamandMill believedthatmaximisinghappinesswasa goodthing sothey con-

cludedthat actsthat contribute to it are alsogood. Similarly it is the goodnessof Aristotle’s

eudaimoniaandof Marx’scommunismthatenabledthemto definenormsfor socialacts.In short,

endsjustify means.The samebasicstrategy works for biological functions: we candefinethe

correctfunctionof anentityon thebasisof its Darwinianconsequences,ratherthanits Darwinian

history. Thehistoricalfunctionof a transplantedbluebellis to attractinsects,but its consequen-

tialist functionis to attractcustomers.

Consequentialistandhistoricalnormsserve differentpurposes.They arecomplementaryand

sowe shouldusethemboth. However it is interestingto notethat in many casestheconsequen-

tialist approachis of morepracticaluseto biologiststhantheteleological.

For example,what is the functionof a behaviour thatananimallearnsin orderto survive in

novel circumstancesthat werenot partof its evolutionaryhistory? Millikan arguesthatall such

lifetime innovationsmustbetheproductsof innatelearningmechanisms— suchasthosediscov-

eredunderlyingSkinneranoperantconditioningin Aplysia (Carew et al., 1983)(Hawkins et al.,

1983). Theseinnatemechanismswill have somewell-definedevolutionaryhistory, andhence

a ‘direct’ properfunction, from which the function of the lifetime innovationsmay be derived.

Thereforetheexistenceof derivedproperfunctionsfor learnedbehavioursdependsontherebeing

aninnate‘end to flexibility’ in thebrain,asMillikan putsit (1984,p46–48).

An historical(i.e. teleological)analysisof thefunctionalorganisationof brainsencouragesthe

view that the brain is dividedinto discreteandinnatemoduleswith highly specialisedfunctions

(Millikan, 1993,p49) — caricaturedasthe ‘Swiss army knife’ model. Now thereis certainlya

growing bodyof evidencefor suchmodularisation(Pinker, 1998). But the plain fact is that we

shouldnot assumeit is universal,nor arewe ever to likely to beableto determinetheevolution-

ary historyof particularbrainmodulesin practice(Lewontin,1998). And nor mustdevelopment

‘bottom out’ in innatemechanismsin quitetheway thatMillikan requires(Elman,1995).A con-

sequentialistview of functionoffersa morepracticalalternative.Theprogressthatwehavesofar

madein investigatingthefunctionalorganisationof brainshasmostlycomefromanunderstanding

of the role that they play in the currentbehaviour anddevelopmentof theorganism,ratherthan

their individual evolutionaryhistory (Kennedyet al., 1995). It is still necessaryto usethe Dar-

winiannormto makesenseof thefunctionalorganisationof brains,but weusuallydothiswithout

knowing muchabouttheir evolutionaryhistory. Of courseoncewe uncover someaspectof how

brainswork — i.e. how they enabletheanimalsurvive andflourishandso meetthe Darwinian

norm— thenthenext obviousquestionis to askhow evolutionproducedthosemechanisms.But,

in purely practicalterms,a consequentialistanalysisof function is of more immediateuseto a

neuroscientistthananhistoricalone.
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7.3 The Function of Behaviour

Theconsequentialistview of functionis alsoconsistentwith thatwhichunderpinstheinvestigation

of animalbehaviour. Tinbergen(1951)famouslydefinedfour questionsthat theethologist— or

any otherbiologist— canaskof atrait: how is it caused,how doesit develop,whatdoesit do,and

how did it evolve?For example,supposewe ask‘why doesour thumbmove in a differentway to

the otherfingers?’ We might give ananswerin termsof theanatomyof thehand(causal),or in

termsof its embryology(developmental),or in termsof its evolutionaryhistory(historical),or in

termsof whatit currentlyenablesusto do(functional).‘All of theseanswerswouldbecorrect:no

onewouldbecomplete’(Hinde,1982,p21).Tinbergenwentonto explain thefunctionalquestion

asfollows.

In attackingour problem,let us startfrom observables— i.e., from behaviour. But
insteadof studyingits causeswe shall studyits effects; in otherwords,ratherthan
look backin time, aswe do whenstudyingcausation,we investigatewhat happens
asa consequenceof the observed behaviour. I shouldlike to stressthat this is an
investigationof cause-effect relationships,whichassuchrequiresexperimentalstudy
aswell asobservationandspeculation;it differsfrom thestudyof behaviourcausation
merelyby the fact that the observedbehaviour is the cause,andthat its effectsare
studied;wefollow eventswith time insteadof precedingeventsandwedeterminean
animal’ssuccess.(1965,p521)

And Tinbergenexplicitly contraststhis investigationwith that into the origins of behaviour, ar-

guing that ‘they cansuggest(thoughno more than that) the selectionpressuresthat have in the

pastmoldedthespeciesto what it is now’ [p523]. Of coursethereis no rigid distinctionin prac-

tice betweenthe forcesthatoriginally mouldeda behaviour andthosethatnow maintainit. But

Tinbergenis arguing that thereis, at least,a clearconceptualdistinctionbetweenhistoricaland

consequentialistfunction,andthereforewe candeterminetheconsequentialistfunctionthata be-

haviour servesnow in perfectignoranceof its evolutionarypast.

For theethologistthekey problemin determiningthefunctionof a behaviour is to determine

which of its many causalconsequencesactuallyhelp theorganismreproduce— andsosucceed

in the Darwiniansense.And, asHinde notes,to answerthis questionit is strictly necessaryto

assessreproductive successwith andwithout thecharacter(1975,p6). This is rarelypossiblein

naturallyoccurringpopulations— wherebehaviours tendto be universal— andso ethologists

experimentallyinterveneto testwhich factorsaresignificant.A classicexampleof this is Tinber-

gen’s investigationof the ‘fanning’ of themalesticklebackwhich is donemainly whenthereare

developingeggsin thenest.Hefoundthatwhenfanningis prevented,or whenit is allowedbut the

nestis coveredwith awatchglass,theeggsdie. However they developnormallyin theabsenceof

the maleprovidedfreshlyaeratedwateris pumpedover thenest,suggestingthat the functionof

fanningis to ventilatetheeggs(Tinbergen,1951).

Millikan usesthis methodologicalproblemasan argumentagainstBigelow andPargetter’s

consequentialistaccountof function,in which they attributea functionto a trait ‘when it confers

a survival enhancingpropensityon a creaturethatpossessesit’ (1987,p192).Millikan interprets

this asmeaning‘a trait that enhancesor would enhancesurvival is onewhere,on averageover

theactual individualsin thespecies,having it would producea morefit individual thannot hav-

ing it’ (1993,p39). Sheconcludesthat if the trait is universalin a population,with no current
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competitors,thentheconceptof ‘enhancedpropensityof survival’ is meaningless.Soif all male

sticklebacksfan thenthat fanningcannotbesaidto enhancetheir fitness,sincethereareno non-

fanningsticklebacksto beenhancedcomparedto.

Thecounter-argumentto thisobjectiondependsonthefactthatfitnessis operationallydefined

astheexpectednumberof offspringproducedby aclassof individuals;it is thereforeadisposition

to reproduce.And aswith otherdispositional propertiesproblemsariseif we understandthemin

termsof actualoutcomes.RecallCarnap’s argumentthat if the dispositionalpropertyof ‘being

soluble’ is definedas‘dissolvingwhenin water’ thentheclaim that ‘X dissolvedbecauseit was

soluble’ is tautologous(section3.3). Similarly, if fitnessis definedastheactualrateof reproduc-

tion thenwe facethe old canardthat ‘survival of the fittest’ is alsotautologous.Of coursethe

answeris that ‘solubility’ describesa propertyof a substancein virtue of which it dissolves,and

similarly ‘fitness’ describespropertiesof organismsin virtue of which they differentially repro-

duce.Fitnessis ameasureof thereproductivepowerof anorganism

It maybethecasethatweonlydiscoverwhichsubstancesaresolubleby puttingthemin water,

but weshouldnotconfusethewaythatwemeasureapropertywith thefactsin virtueof whichan

entityholdsit. Similarly, thefunctionof thesticklebackfanningis notdefinedby thefactthattheir

eggsdied whenTinbergencoveredthemwith a watchglass. It is thecausalprocessof aeration

(alongwith its effectson theeggs)thatconstitutesthefunctionof thefanning,not thedifferences

betweenfannedeggs and coveredones. In short, it is possibleto define the consequentialist

functionof a trait in termsof therole that it playsin thereproductionof theorganismnow, even

in theabsenceof a rangeof contemporary(or historical)alternatives.

7.4 Conclusion

In this chapterI have arguedthat we shouldusethe Darwiniannorm to judgethe successof a

biologicaltrait becausethisnormnaturalisesfunctionalexplanationsof naturalhistory, andsofits

the ‘idea of the good’ for scienceoutlinedin chapter3. But we canusethis norm in two ways.

Thefirst is to explain theorigin of biologicaltraits.And thesecondis to explain thefuturefateof

theorganismsthatpossessthem.

In thefinal chapterI will arguethatit is possibleto usethesamecriterionto definenormsfor

social traits— includinglanguage,science,andethics— but this requiresthata Darwinian-type

theoryof naturalselectioncanbeappliedto socialhistory. This is thesubjectof chapter10. But

beforethenit is necessaryto definemorepreciselywhatwe meanby naturalselection.And this

is thesubjectof thenext two chapters.



Chapter 8

The Role of Genesin 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 Nurtur e

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



Chapter8. TheRoleof Genesin Natural Selection 86

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.



Chapter 9

The Roleof Vehiclesin Natural Selection

Theorganismis just thegene’swayof makinganothergene.
— Dawkins,TheSelfishGene

I coinedthe term ‘vehicle’ not to praiseit but to bury it. . . .The question‘what is
thevehiclein this situation?’ maybeno morejustifiedthan‘what is thepurposeof
MountEverest?’.
— Dawkins,BuryingtheVehicle

Lewontinarguesthatselectioncanactatmany levels.But selectiononly resultsin adaptation

if it producesa changein genefrequencies.Genefrequenciesarethe bottomline of evolution.

Dawkins (1976), following Williams (1966), hasusedthis fact to argue that naturalselection

shouldbeunderstoodasa processthatonly actson genes,ratherthanotherlevels in thenatural

hierarchy. In this chapterI arguethat therole of organisms(andothergenetic‘vehicles’)cannot

besoeasilyeliminated.

Theargumentfor genicselectionismstartsfrom the fact thatacquiredcharacteristicsarenot

inherited. In its moderninterpretationthis hasbecometheCentralDogmaof molecularbiology

which statesthatinformationcannotpassfrom proteinto DNA, but only thereverse;i.e. changes

to thephenotypeincurredduringdevelopmentwill have no effect on theDNA passedon to sub-

sequentgenerationsthroughthegerm-line.Therefore,asDawkins putsit, anorganismis not the

objectof Darwinianevolutionbecause

to regardanorganismasareplicator. . . is tantamountto aviolationof the‘central
dogma’of thenon-inheritanceof acquiredcharacteristics.A stick insectlookslike a
replicator, in thatwe maylay out a sequenceconsistingof daughter, granddaughter,
great-granddaughter, etc, in which eachappearsto bea replicaof theprecedingone
in theseries.But supposea flaw or blemishappearssomewherein the chain,saya
stick insectis unfortunateenoughto losea leg. Theblemishmaylastfor thewholeof
herlifetime,but it is notpassedonto thenext link in thechain.Errorsthataffectstick
insectsbut nottheirgenesarenotperpetuated.Now lay outaparallelseriesconsisting
of adaughter’sgenome,granddaughter’sgenome,great-granddaughter’sgenome,etc.
If ablemishappearssomewherealongthisseriesit will bepassedonto all subsequent
links in thechain.It mayalsobereflectedin thebodiesof all subsequentlinks in the
chain,becausein eachgenerationtherearecausalarrowsleadingfrom genesto body.
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But thereis nocausalarrow leadingfrom bodyto genes.No partof thestick insect’s
phenotypeis a replicator. Nor is her bodyasa whole. It is wrong to saythat ‘just
as genescan passon their structurein genelineages,organismscan passon their
structurein organismlineages’.. . .

The specialstatusof geneticfactorsratherthannon-geneticfactorsis deserved
for onereasononly: geneticfactorsreplicatethemselves,blemishesandall, but non-
geneticfactorsdonot. (Dawkins,1982,p99)

This pictureof evolution is summedup in Weismann’s famousdiagram1 in which arrows

of causalinfluencerun solely from the genomeof onegenerationto that of the next, with the

expressedphenotypebeingno morethananepiphenomenaloffshootfrom the mainbranch:the

organismis just thegene’swayof makinganothergene(figure9).

G

P

G

P

G

P

Figure9.1:

Genesproduceorganisms,but genesarealsopartsof organisms.And theorganismcanbite

backandaffectthegenesthatthey contain.Thisproducestwokindsof problemswith Weismann’s

diagram,dependingon how thoseeffectsareunderstood.Thefirst is thatthereplicationof genes

is causallydependenton organisms,andthis dependenceis the subjectof the next section.The

secondis that the replicationof genesis conceptuallydependenton organisms,and this is the

subjectof sections9.2and9.3. And in section9.4 I show how we needto understandbothkinds

of dependency in orderto understandevolution.

9.1 Burying Vehicles

Mayr (1963) describestwo ways in which phenotypescausallyeffect the genesthey contain.

The first is that ‘natural selectionfavours (or discriminatesagainst)phenotypes,not genesor

genotypes’[p184] (seealso(Gould,1978,p90)and(Brandon,1982)). Genefrequencieschange

becauseof the effectsthey have on the ability of organismsto reproduce.The moresuccessful

theorganism,thenthemoreits geneswill spread.Thesecondargumentis whatMayr calls ‘the

genetictheoryof relativity’, which is that‘no genehasa fixedselectivevalue;thesamegenemay

conferhighfitnessononegeneticbackgroundandbevirtually lethalonanother’[p296] (seealso

(Sober& Lewontin,1982)and(Gould,1978,p91)).Thefitnessof agene— i.e. therateatwhich

its frequency changes— dependson its context (includingtherestof thegenome,theorganism,

andits environment)andis nota fixedpropertyof thegene-in-itself.

Evolution, like all otherbiologicalprocesses,is a densewebof interactingcausesoperating

at, and between,different levels of organisation. Mayr’s argumentis that we shouldpick out

organismsasplaying a privilegedcausalrole in this process;but this argumentstandsor falls

1Thisdiagramhasoftenbeenattributedto Weismann,thoughI canfind norecordof him actuallyusingit.
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accordingto how onechoosesto definecause.Dawkins’ defenceof genicselectionismstartsfrom

thefollowing point:

Philosophers,possiblywith justification,makeheavy weatherof theconceptof cau-
sation,but to a workingbiologistcausationis a rathersimplestatisticalconcept.Op-
erationallywe can never demonstratethat a particularobserved event C causeda
particularresultR, althoughit will oftenbe judgedhighly likely. Whatbiologistsin
practiseusuallydo is to establishstatistically that eventsof classR reliably follow
eventsof classC . . .Statisticalmethodsaredesignedto helpusassess,to any speci-
fied level of probabilisticconfidence,whethertheresultswe obtainreally indicatea
causalrelationship.(Dawkins,1982,p12)

This Humeandefinitionof causedissolvesthecausalboundariesthatpick out vehiclesasinelim-

inableactorsin evolution. Accordingto this definitionnaturalselectionworks throughvehicles,

ratherthanon them.To seewhy this is considereachof Mayr’sobjectionsin turn.

Mayr’s first argumentwasthatphenotypicproperties,not genes,causedifferentialreproduc-

tion. Dawkins’ responsedependsoncausationbeingtransitive.Accordingto Dawkins’ definition,

if C causesE1 andE1 causesE2 thentheremustbea correlationbetweeneachpair. This fur-

therimpliesthatE2 will becorrelatedwith C, andhencethatC causesE2. Now Mayr arguesthat

phenotypicdifferences(E1) causedifferentialreproduction(E2),but thosephenotypicdifferences

(E1) arethemselvescausedby geneticdifferences(C). If causationis transitive thenit is equally

truethatgenes(C) causedifferentialreproduction(E2).

Mayr’ssecondobjectionwasthattheeffectsof genesarecontext dependent.Howevergivena

particularcontext thenallelicdifferenceswill becorrelatedwith phenotypicdifferences(andhence

with fitness).Thereforeaccordingto Dawkins’ definitionof causeit is still correctto saythata

particularallelehasa causaleffect on fitness.For example,Lewontin andSober(1982)discuss

thecaseof heterozygotesuperiorityin which a heterozygote(Aa) is fitter thaneitherhomozygote

(AA andaa). In thecaseof humansickle-cellanaemia,for example,homozygotesfor thenormal

allele have functionalhaemoglobinbut arevulnerableto malaria,homozygotesfor the mutant

allelesuffer anaemia,andheterozygotesareresistantto malariaandavoid anaemia.Theeffectsof

eachindividualallele(A or a) dependson thealleleit is pairedwith, andsoSoberandLewontin

concludethatthey cannotbeattributedwith a uniquecausalrole: ‘if a generaisestheprobability

of agivenphenotypein onecontext andlowersit another, thereis nosuchthingsasthecausalrole

thatthegenehasin general’(Sober, 1985,p313).HoweverSterelny andKitcher(1988)arguethat

evolution doesnot requirethata genehasa causalrole ‘in general’,but only in specificcontexts.

A genicselectionistcanperfectlywell arguethatanA alleleis fitter thana whenpairedwith ana,

but lesswhenpairedwith anA.

Bothof theseobjectionsto Mayr’sargumentsproveonly thatthegene-centristview is asvalid

asthevehicle-centristand,in his first book,Dawkins comparedthetwo pointsof view to thetwo

possibleviews of theNeckerCube:neitheris morecorrectthantheother, they arejust different

viewsof thesameprocess.HoweverDawkinslaterpresentedanadditionalargumentthatquestions

the validity of the vehicle-centristview per se. This is the conceptof the extendedphenotype

(1982,ch11–13).Considerthegenesthatcontributeto thebeaver’s habitof building dams.What

mattersfor thesuccessfulreplicationof thesegenesis not theparticularactionsof thebeaver —

the bitesit takesout of trees,thedriftwood it collects,andsoon — but the sizeof the artificial
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lake that it produces. The bigger the lake then the more protectedthe beaver will be against

land-basedpredatorsandthe easierit will find food. This turnsthe vehicle-centrist’s arguments

againstthemselvesin a kind of reductioof Mayr’s first objection: if what causallymattersfor

evolution is the phenotypiceffectsof genes,not the genesthemselves, then individualsdo not

haveaprivilegedpositionin theontologyof evolution. Thespreadof beavergenesdependsonthe

propertiesof beaver lakes,not thepropertiesof beaversthemselves.Causallyspeaking,individual

organismsarenomore,andnoless,thanonepartof theextendedphenotypicenvironmentthrough

which genesreplicatethemselves.Thevehicleis buried,in Dawkins’ phrase(1994).

If Dawkins (andHume)are right aboutthe natureof causation,thenMayr (andLewontin)

arewrong thatnaturalselectionactson vehicles.Therearetwo possibleresponsesto this. The

first is to arguethatDawkins is wrongaboutcause,asSoberdoes(1985). I believe thatSober’s

criticism is valid, but definingsufficientconditionsfor causationcapableof supportingthisclaim

wouldtakeustoofar from thedirectconcernsof this thesis2. Causationis aminefieldthatI would

ratheravoid if at all possible.However thereis anotherway in which individualorganismsplay

anineliminablerole in our understandingof naturalselection.This role is conceptual, ratherthan

causal,andis thesubjectof therestof thischapter.

9.2 Counting Genes

Whatis a gene?TheMendelianansweris thata geneis a unit of heredity, but thisdescribeswhat

a genedoes, not what it is. Thebiochemicalansweris thata geneis a sequenceof DNA, but not

all possibleDNA sequencesaregenes.Sowhatmakesaparticularsequencea gene?Theoriginal

answerto thisquestionwasgivenin theslogan‘onegene,oneprotein’,i.e. ageneis asequenceof

DNA thatcodesfor a protein,but it is now clearthatthesituationis morecomplicatedthanthat.

In prokaryotes,genesandtheproteinsthey codefor areco-linear;thatis thesequenceof amino

acidsin eachproteinis representedby acorrespondingunbrokensequenceof codonsin theDNA.

Thereforestartingfrom the slogan‘one gene,oneprotein’ we can clearly identify a geneasa

contiguoussequenceof codonsona DNA molecule.However since1977it hasbecomeapparent

that the situationin eukaryotesis rarely that simple. Insteadof forming a contiguoussequence

thegenemayberealisedin a ‘mosaic’ of partsspreadacrossthegenome.Theinitial pre-mRNA

transcriptof themosaicis then‘spliced’: a processin which sections,introns, areeditedout. The

dihydrofolatereductase(DHFR) gene,for example,canvary in lengthfrom 25–31kbdepending

on themammalit occursin. Mostof thisvariationlies in thesequence,position,andlengthof the

intronswhichplaynoactive role,howeversomeof theseintronsthemselvescodefor proteinsthat

functionindependentlyof thatcodedfor by theremainingexons.Moreover theexonsandintrons

in theoriginalDNA sequencemaybesplicedin many differentwaysdependingon theactionsof

otherregulatorygenes,or on thepresenceof ancillaryproteins.Thustwo or moremosaicsmay

intermingleacrossthesamestretchof DNA (Breathnach& Chambon,1981)(Wu, 1978).

Genescanalsooverlapon theDNA suchthatthesamesequenceof nucleotidescodefor more

thanoneprotein.Onefunctionalgeneis oftensimply a truncatedversionof another, but in other

casesthetwoexpressionprocessesmaybereadin differentframessuchthatthedivisionsbetween

2In chapter2 I only proposeda necessaryconditionon causalexplanation(i.e. that thecauseof A hasanidentity
independentof A), andavoidedtheproblemof sufficiency.
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thecodonsfor onegenedonot coincidewith thoseof theother. In suchsituationswe cannottell

whichaminoacid— letalonewhichprotein— abasepaircodesfor withoutobservingtheprocess

of expressionin action.

Genesdo not evenhave to be tied to a particularplaceon a chromosome.Transposablese-

quences,or transposons,arecapableof ‘jumping’ from onelocationto anothereitherby detaching

themselves from the main DNA sequenceor by inducing the replicationof copiesthat subse-

quentlyinsertthemselvesat a new location. Most transposonsarelikely to beentirely ‘selfish’,

with no furtherphenotypiceffects,but it is alsopossiblethat they area majorsourceof effective

mutations(Berg & Howe,1989).

Genesmay alsobe polymorphic; i.e. they may be encodedin a variety of differentDNA

sequences.We usuallydescribedifferentsequencesatasinglelocusasalternativealleles,but it is

alsopossibleto describethemasalternative formsof thesamegene.Again thecrucial factor is

the effect on phenotype.Thereis a continuumof typesof changeof DNA sequences,including

thosethat changeDNA sequencebut not proteinsequence,thosethat changeproteinsequence

without changingits secondarystructureand/orfunction,thosethatcreateproteinswith different

activities,andthosethatcreatemutantproteinsthatarenon-functional.Whereon this continuum

we draw the line betweenalternative forms of the samegeneandalternative allelesdependson

their role in theoverallmetabolismof theorganism(Gusella,1986).

In short,a geneis defined‘semantically’in termsof therole that it playsin the metabolism

anddevelopmentof anorganism,not ‘syntactically’ in termsof a DNA sequence.As Lewin puts

it

Genescanbeisolatedby workingbackfrom aprotein. . .Theconceptof thegene
itself, however, hasrecentlyevolved further. The questionof what’s in a nameis
especiallyappropriatefor thegene.We canno longersaythata geneis a sequence
of DNA that continuouslyanduniquelycodesfor a particularprotein. In situations
in which a stretchof DNA is responsiblefor productionof oneparticularprotein,
currentusageregardsthe entiresequenceof DNA, from the first point represented
in the messengerRNA to the last point correspondingto its end,ascomprisingthe
“gene”,exons,introns,andall.

When the sequencesrepresentingproteinsoverlapor have alternative forms of
expression,we mayreversetheusualdescriptionof thegene.Insteadof saying“one
gene— onepolypeptide”,we maydescribetherelationshipas“one polypeptide—
onegene”. Thuswe regardthe sequenceactuallyresponsiblefor productionof the
polypeptide(includingintronsaswell asexons)asconstitutingthegene,while recog-
nising that from the perspective of anotherprotein,part of this samesequencealso
belongsto its gene.(Lewin, 1997,p146)

Supposeacopyof theDHFRgeneis replicated,but in sodoingmutatesinto oneof its alternate

forms.Shouldwe describethisprocessasthesuccessfulreplicationof a singlegene,or thedeath

of an old geneand the creationof a new one? Has therebeena changein genefrequencies?

The answerdependson the effect of the new sequenceon the organism. The conceptof ‘gene

frequency’, like thatof ‘gene’ itself, is dependentonphenotypicproperties.

Genesdo not justdeterminethestructureof proteins.Theirothermainfunctionis to regulate

theproductionof proteins,andthisalsoraisesproblemsin individuatinggenes.Sometimesa reg-

ulatinggenewill directlycontrolthetranscriptionof a neighbour. In theabsenceof thisexpressor
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theregulatoris functionallyneutral,like a switchthatis not connectedto anything. In othercases

the regulationis moresubtleandlong-range,involving the productionof intermediateancillary

proteins. Generegulationcanalsobe affectedby environmentalfactorsthat induceexpression,

or affect theinitiation andterminationof transcription(Reznikoff et al., 1985)(Platt,1986).If the

sameDNA moleculeis put in anotherorganism,or in vitro, thendifferentgenesmaybeexpressed.

Regulationcanalsooccurat levelsabove thatof asinglegene.Eukaryoticgenesthatcodefor

proteinswhosefunctionsarerelatedareoftenorganisedinto clusters,suchasthethreelac genes

in E. coli which codefor enzymesthatdecompose,transport,andaid themetabolismof, lactose.

Thesethreegenesaregroupedtogetheron thegenomeandrespondto a singleregulator, forming

a functionallyunifiedoperon that respondsswiftly to thepresenceof lactosein theenvironment

(Jacob& Monod,1961).Thereforefrom thepointof view of Mendeliananalysisit is theoperon,

ratherthanits constituentgenes,thatis theunit of heredity.

The complexities of generegulation meanthat an apparentlysimple question,suchas the

numberof genesonagenome,doesnot necessarilyhave asimpleanswer:

The major questionabouteukaryoticDNA concernsthe numberand typesof
genesin a genome.We may identify the codingpotentialof a genomedirectly, by
identifyingregionsthathaveopenreadingframes.Largescalemappingof thisnature
is complicatedby the fact that genesare interruptedin highereukaryoticgenomes,
so thatmany separatedopenreadingframesmaybepart of a singlegene. . . .Since
wedonotnecessarilyhaveinformationaboutthefunctionsof theproteinproducts,or
indeedproof that they areexpressedat all, this approachis restrictedto definingthe
potentialof thegenome.. . .

Anotherapproachis to definethenumberof genesdirectly in termsof their ex-
pressionin RNA or protein. This givesanassurancethatwe aredealingwith bona
fide genesthat areexpressedunderknown circumstances.It is of coursethe only
approachthatallowsusto askhow many genesareexpressedin aparticulartissueor
cell type,whatvariationexists in therelative levelsof expression,andhow many of
thegenesexpressedin oneparticularcell areuniqueto thatcell or arealsoexpressed
elsewhere.(Lewin, 1997,p645)

Thefirst of theseapproachestells usthepotentialcapacityof thegenome,but maynot distin-

guishbetweenfunctionalgenes,pseudogenes3, and‘junk’ DNA. Thesecondof theseapproaches

cantell us morepreciselyhow many functionalgenesarepresent,but thenthis numberwill be

dependenton the cellular (andwider) environment: put the samegenomein a differentcell, or

in vitro, andthenumberof geneschanges.Genefrequenciesarenot determinedsolelyby DNA

sequence.

Genes,like mentalstates,arefunctionalentities,definedby therelationshipbetweenthesub-

stratein which they arerealised(DNA), andits environment(theliving organism).Genesarethe

rolethatDNA playsin thedevelopmentof anorganism,justasmentalstatesaretherolethatbrain

statesplay in behaviour. If you takea DNA moleculeout of its chromosomal,nuclear, cellular,

andorganismicenvironmentthenit doesnot containany genes,just asa sliceof brain tissueon

a slidedoesnot containbeliefs. Of coursein orderto beaccordeda well-definedcausalrole —

i.e. in orderto understandhow they do thejob they do — it is necessaryto understandhow these

functionalgenesarerealisedin DNA, just aswe hadto understandhow mentalrepresentations

3Sequencesof DNA thataresimilar to functionalgenesbut playno active role.
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wererealisedin brainstatesin orderto understandhow they playedacausalrole in ourbehaviour;

but this shouldnot temptus into forgettingthat it is the functionalrole that matters.Genesare

emergentpropertiesof theinteractionbetweenDNA andits environment.It is a truismthatgenes

cannotreplicate,or have any developmentaleffects,outsideof theappropriatecellularandorgan-

ismic environment. This is true,but is only half the story. Strictly speaking,genesdo not even

exist outsideof theappropriateenvironment.

9.3 Counting Replicators

Naturalselectionnecessarilyinvolvesachangein genefrequencies.But genefrequenciesdepend

on how DNA expressionis regulatedby theorganism.Soperhapswe shoulddo the ‘bookkeep-

ing’4 for evolution in the hardcurrency of nucleotidesequences,ratherthanthe fluid termsof

genes?But whatlengthof sequence?Is theunit of selectiona singlenucleotide,or is it theentire

genome?Dawkins arguesthatany sequencecanbea unit of selection— an‘active replicator’—

solongasit hassomeeffecton thephenotype,andsorespondsto selection(1982,p90–1).

Thereasonfor measuringevolutionin termsof arbitrarylengthsof DNA ratherthanorganism-

dependentgenesis thatonlychangesin theuniversalcurrency of DNA mattersfor theevolutionary

future. However not all DNA mattersequally. RecallDawkins’ argumentwhy we cannotunder-

standevolutionsolelyin termsof thereplicationof organisms;namelythat‘errorsthataffectstick

insectsbut not theirgenesarenot perpetuated’.This is true,but doesnot imply thatall errorsthat

affectstick insect’sgeneswill bepassedoneither. Unlessthoseaffectedgenesarepartof thestick

insect’s germ-linecells,andunlessthosecellsgo on to form a viablezygote,then,like thestick

insect’s lost leg, thosegeneticerrorswill notbepassedon. If stick insectsarenot replicatorsthen

neitheraretheir non-germ-linegenes.

The gene-centristview restson a principleddistinctionbetweena replicatorandthe vehicle

throughwhich thereplicatorsurvivesinto thenext generation.It is thefateof thereplicatorthat

matters,not thatof thevehicle.Thereforewehave to distinguishbetweenthereplicationinvolved

in vehicle-building andthereplicationinvolvedin lineage-building — whatDawkinsdescribesas

germ-line,ratherthandead-endreplication.

The samedistinctionunderliesthe problemof ‘head-counting’(Sober, 1985,p29). Suppose

two land-dwellingorganismslive on a rock surroundedby water. Onehascopiesof geneA and

getsfat, while theotherhascopiesonly of B andgetsthin. Theproportionof A-typecells in this

two-organismpopulationincreases,but this doesnot constituteadaptiveevolution: fatnessdoes

not constitutefitness.Thesamepoint alsoappliesto thereplicationof sterileworkersin groups

of eusocialinsects.Theproductionof moreworkersincreasesthetotal numberof thegenesthey

carry, andmay strengthenthe nest,but they areasmuchasan evolutionarydead-endasstick-

insectlegs. Theonly germ-linereplicationin this caseis that involvedin theproductionof new

swarmingqueens.In othercasestheremaybenopriorseparationbetweendead-endandgerm-line

cells.For exampletheapicalcell of astrawberryplantrunnermaydieafterfruiting, or therunner

maytakeroot andform anoffspringthatlivesonafterthedeathof theoriginal. Thedevelopment

of theplantthusturnsa dead-endcell into agerm-linereplicator.

4This termis dueto Wimsatt(1980).
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Consideranotherexample.Many canceroustumoursareinducedthroughtheactionsof proto-

oncogenesthatarepresentin the cells of the hostorganismandnormallyplay a role in healthy

development.Thecellularproto-oncogenec-myc, for example,codesfor aproteinthathelpsiniti-

ateRNA transcription.Theseoncogenescanbeimplicatedin thegrowth of canceroustumoursin

two ways.Thefirst involvesthehostbeinginfectedwith aretrovirus,suchasthemousemammary

tumourretrovirus(MMTV), whichchangesthewaythecellularoncogeneis regulated.Theresult-

ing tumourmaythenhelpthevirus propagate.Or a tumourmayform without viral infectiondue

to a mutationin theregulatorygenesof the mousecell (Bishop,1983)(Bishop,1985)(Varmus,

1984)(Heldin& Westermark,1984).

In bothof thesecasesachangein theregulationof c-myccausesatumourto grow. Thelineage

of theoriginalcancerouscell will grow explosively, butwill diewith thehost.But theevolutionary

storiesof eachof theseprocessesis very different. In the formercasethereplicationof mycis a

vital part of the reproductive cycle of the virus. In the latter casethe cancerousreplicationis

simply a by-productof having growth factorswhoseregulationis vulnerableto mutation. Thus

a singleact of DNA replicationcanbe a dead-endwith respectto onevehicle(the mouse)and

constitutethereplicationof thegerm-lineof another(thevirus).

Is canceranadaptationand,if so,who for? In thecaseof mousemammarytumoursboththe

healthyandtumourouscells,and thevirus, all containthesamemycgene.Thereforewe cannot

saythatthecanceris anadaptationfor mycgenessimpliciter, butonlywith respectto theparticular

lineageof reproducingvehiclesthatcarryit. It maybeanadaptationfor themycof MMTV, or for

themycof a tumourouscell, but it is certainlynotanadaptationfor themycof thehealthycellsof

themouse.Unlesswe identify thevehiclethroughwhichthegeneis transmittedthenwehavenot

yetansweredDawkins’ question.

Thepointof doingour evolutionarybookkeepingin termsof DNA sequencesis to determine

whetherevolution is occurring. But in order to do this we cannotjust count the total number

of copiesof a sequencein the ecosystem,sinceit is only germ-linereplicationthat mattersfor

evolution. But whatconstitutesgerm-linereplication?Dawkinsdefinesit asfollows:

A germ-linereplicatoris a replicatorthatis potentiallytheancestorof anindefinitely
long line of descendantreplicators. A genein a gameteis a germ-linereplicator.
So is a genein oneof the germ-linecells of a body, a direct mitotic ancestorof a
gamete.Sois any genein Amoebaproteus. Sois anRNA moleculein oneof Orgel’s
(1979)test-tubes.A dead-endreplicator is a replicatorwhich maybecopieda finite
numberof times,giving rise to a shortchainof descendents,but which is definitely
not the potentialancestorof an indefinitely long line of descendents.Most of the
DNA moleculesin our bodiesaredead-endreplicators.They maybeancestorsof a
few dozengeneratorsof mitotic replication,but they will definitelynot belong-term
ancestors.(Dawkins,1982,p83)

The problemherelies in the words ‘potential’ and ‘indefinite’. In onesenseall DNA has

thepotentialto replicateindefinitely, sincewe areableto extract thenucleicacidfrom theliving

organismandreplicateit in vitro. In anothersensenoDNA canhaveanindefinitechainof descen-

dentssincetheuniverseis bounded.Nonethelessthedistinctionbetweengerm-lineanddead-end

replicatorsseemsto have a clearbiological basis;but what? Whetheror not a DNA sequence
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is capableof beingpassedon ‘indefinitely’ dependson thedevelopmentandreproductionof the

organismthatit is partof.

Weismann(1904)believedthatonly germ-plasmcontainedthematerialof inheritancewhich

was then irreversibly convertedinto differentiatedsomaticcells. Accordingto this picture the

distinctionbetweengerm-lineanddead-endreplicationis explicit at the level of the individual

cell: germ-linecells containedthe materialof heredity, but somaticcells did not. Weismann’s

basicideaof a completeseparationof germ-plasmfrom its phenotypicexpressionwasabsolutely

correctbut themechanismhechosefor makingthis distinctionwasnot. We now know thatboth

germandsomaticcellscontainthematerialof heredity. Moreoversomesomaticcellsaretotipotent

— i.e. they retainthecapacityto producebothgametesandsomaticcells. This is obviousin the

caseof plantswhich areable to grow from cuttingstakenfrom almostanywhereon the adult.

Indeedthedevelopmentof cloningtechniquesmeansthat,in asense,all cellsin all organismsare

(potentially)totipotent. The division betweengerm-lineandsomaticcells is not asclear-cut as

Weismann’sdiagramimplies.Whetheror not a cell is destinedto beadead-endreplicator, or has

thepotentialto form partof thegerm-lineof a new generation,is not anintrinsic propertyof that

cell.

Weismannpicturedtherelationshipbetweendevelopmentandevolution asinvolving a clear

differentiationbetweensomaticandgerm-linecells(figure9.2).

G

S
S

S

S

S
S

S
S

S
S

S
S
S

G

S
S

S

S

S
S

S
S

S
S

S
S
S

G

S
S

S

S

S
S

S
S

S
S

S
S
S

Figure9.2:

But we now know that, in general,thereis no suchsystematicdifferentiation. Whetheror not

a particularcell endsup as the germ-linefor a new generationdependson the peculiaritiesof

individual development(figure9.3). Which cell endsup asthegermfor a new generationis not

fixedin advance5.
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Figure9.3:

In somesituations— suchassexual reproduction— thereis a morefixeddifferentiationbe-

tweengerm-lineandsomaticcells,andsotheprocessof reproductionapproximatesmoreclosely

5Dennett(1994)comparesthis to the‘veil of ignorance’in Rawls theoryof justice.
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to figure9.2.But in many othercases— suchasvegetative reproduction— it will not. Of course

Dawkins is correctthatall mutationsmustbeinstantiatedin genesif they areto beinherited.But

it is not determinedwhich cellscontainthegenesthatmatter. As Bussputsit ‘knowledgeof the

molecularmechanicsof heredityis not equivalentto knowledgeof theunits thatprove heritable

. . .Developmentcontrolsheritability’ (1987,p14).

It is interestingto notethatWeismanndid not invokehis (mistaken)beliefsaboutgerm-plasm

to justify his assertionthat acquiredcharacteristicswerenot heritable6. Insteadhe basedthis

argumentonempiricalfactsabout,for example,thepupsof micewhosetailshavebeencutoff, or

thechildrenof fatherswho acquiredduellingscars.Both of thesetraitswerepopularlybelieved

to beinheritable— indeedI canrememberbeingtaughtthatManxcatslost their tails in thesame

way — but Weismanndemonstratedempiricallythatthey werenot. He alsoarguedthatit would

be inconceivablethat, for example,thewell-developedfore-armsof a blacksmithcouldproduce

the appropriatechangesin his spermnecessaryto passon the trait to his children. It would be

akin to writing a telegramin English,sendingit to China,andfinding it arrived translatedinto

Mandarin,asWeismannput it.

Weismann’s beliefsaboutgerm-plasmstemfrom a considerationof development,not evolu-

tion. He arguedthatthedevelopmentof largescalemorphologyin multicellularorganismscould

becontrolledby geneticmaterialthroughonly two possiblemechanisms.Thefirst would beby

having the entiregenomecopiedinto eachnew somaticcell. But thenfactorsfrom outsidethe

cell would have to ‘switch on’ the appropriategenesin the cells in all the variouspositionsin

the developingembryo: the ‘leg genes’in the cells at the bottom, ‘li ver genes’in thosein the

middle,andsoon. Weismanncouldnot imaginehow sucha complex anddelicatechoreography

of switchescould be controlledso insteadhe plumpedfor the alternative, which wasthat each

somaticcell wouldonly inherit thosegenesnecessaryfor theirparticulardevelopment.Livercells

would only containliver genes,andsoon. Onelook at a flower growing on a plant takenfrom a

cutting shouldhave persuadedWeismannthat the formermechanism,however improbable,was

responsible;but it is only relatively recentlythatwehavestartedto scratchthesurfaceof how this

developmentalchoreographyis possible.

To put it crudely, Weismannbelievedthatgivena phial of germplasmandsomaticcells then

hewouldbeableto distinguishbetweenthem.This is nottruein general.Germ-lineanddead-end

cellscontainthesameDNA, andareonly distinguishedby therole they play in thedevelopment

andreproductionof an organism. In this sensegerm-linereplicatorsaresimilar to straws that

breakcamels’backs: both areonly distinguishedby the role they play in the fate of a vehicle.

Whenwe look at afield of straw we cannotpick out thefatalones.Similarly, we cannotlook ata

collectionof cellsandpick out thegerm-linereplicators.Theobjectterm‘the straw thatbrokethe

camel’s back’notonly picksouta straw but alsothecamelfor which it provedfatal;andtheterm

‘germ-linereplicator’notonlypicksoutasequenceof DNA, butalsothelineageof vehicleswhose

germ-lineit is partof. In somecases,suchasthemycgenein a tumourcell of a MMTV-infected

mouse,a singleDNA sequenceinstantiatestwo differentgerm-linereplicators,eachdefinedwith

respectto a differentlineageof vehicles.Themycmaybereplicatedeitherthroughpropagation

of the virus or throughthe spreadof the tumour, andeachlineagewill definedifferentadaptive

6Thanksto JohnMaynardSmith,personalcommunication.
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pressures.In somecasesthevehicleof a germ-linereplicatormaybewhatwe naively think of as

anindividualorganism.In othercases,suchcoloniesof eusocialinsects,it will bea highergroup

of organisms.In casesof ‘moleculardrive’ (Crow, 1979)— in whichgenesmultiply outof phase

with theorganismsthey arein — thevehicleis lower in thehierarchythanthatof the individual

organism.

Dawkins et al arguethat the bookkeepingof evolution shouldbedonein units of germ-line

replicators.But in orderto pick out germ-linereplicatorsfrom dead-endreplicatorswe have to

identify thevehiclethatit is agerm-linereplicatorof7.

9.4 Fitness

In the last chapterI arguedthat the conceptof ‘inheritance’,when clarified, revealsa genetic

mechanism.Similarly theconceptof ‘germ-linereplication’,whenclarified,revealsareproducing

vehicle. Therefore,althoughthe bookkeepingfor evolution may be donein the units of DNA

sequences,the thing being measuredis the reproductionof vehicles. Fatter is not fitter, even

thoughit producesmorecopiesof agene.

This distinctionbetweenthepropertybeingmeasuredandtheunitsin which we measureit is

explicit in thestandardpopulationgeneticist’sdefinitionof fitness:

The fitnessof a particulartype, A, is the expectednumberof offspring contributed
by an A individual to the next generation.Fitnessis estimatedfrom oneparticular
stagein the life cycle — usually the zygote— to the correspondingstagein the
next. . . .Fitnessis a property, not of an individual, but of a classof individuals—
for example,of individualshomozygousfor alleleA at a particularlocus.. . .Usually
we ascribefitnessto a ‘genotype’,meaninga classof individualswith somegenetic
characteristicin common.. . .Fitnessis a propertyof a classof individuals,andnot
of genes.(MaynardSmith,1989b,p36-7,emphasisadded)

Thereforewhenwesaythata trait improvesthefitnessof (i.e. ‘is for thegoodof’) a gene,we

areimplicitly sayingthatit increasestheability of a vehicleto passit on. Giventhepresenceof a

genein a populationthequestionswemustaskarenotonly how it aidsfitness,but whatvehicleit

aidsthefitnessof. And theanswerto thisquestionis notalwaysstraightforward:

Genesarenormallypassedonby thereproductionof theirvehicles,thereforefitnessis usually

operationallydefinedastheexpectednumberof offspringof a individualmemberof a genotype.

This definitionnot only coversthe ‘usual’ casesof sexual or asexual reproductionof individual

organisms,but also the caseof transposonsandothermobile DNA in which the vehicleof the

geneis theDNA sequenceitself: every actof replicationis thussimultaneouslya caseof vehicle

reproduction.But for thegenesof infectiousparasitesit is nottherateof reproductionthatmatters

per se, but the rateof transmissionto new hosts. And parasiteshave evolved many ingenious

mechanismsfor achieving this,suchasthediarrhoeainducedby thecholerabacteriumor theopen

soresproducedby syphilis. Indeedin somecasestoo muchreproductioncanreducethe fitness

of the genesof the parasitesincethey may kill the hostbeforeit is capableof infecting others.

Thereforethereis anevolutionarypressureto becomelessvirulent. For example,whensyphilis

7IndeedHull arguesthatwe shouldabandontheterms‘organism’,‘vehicle’, and‘individual’ in favour of onethat
makestheconceptof reproductioncentral.Thushedefinesselectionin termsof ‘interactors’:i.e. anentitythatinteracts
asacohesivewholewith its environmentin such a waythat reproductionis differential (1980,p318).
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first reachedEuropeat theendof thefifteenthcenturyit couldcover anentirebodywith pustules,

causefleshto fall off people’s faces,andcausedeathwithin months.Now it hasevolved into a

muchlessvirulent form thatrarelykills thehost,evenif it is untreated.Thereforeepidemiologists

measurethe fitnessof suchdiseasesin termsof the rateof transmissionbetweenhostvehicles,

ratherthanthereplicationof thevectoror its genes(Williams & Nesse,1991)(Ewald,1994)8.

Recallthat

thewholepurposeof oursearchfor a ‘unit of selection’is to discoverasuitableactor
to play the leadingrole in our metaphorsof purpose.We look at anadaptationand
want to say, ‘It is for the goodof . . . ’. Our questis for the right way to complete
that sentence.It is widely admittedthat seriouserror follows from the uncritical
assumptionthat adaptationsare for the good of the species. I hopeto be able to
show thatyet othertheoreticaldangers,albeit lesserones,attendtheassumptionthat
adaptationsarefor the goodof the individual organism. I am suggestingherethat,
sincewe mustspeakof adaptationsasbeingfor the goodof something,the correct
somethingis theactive germ-linereplicator. (Dawkins,1982,p91)

Dawkins is correctto warnagainstthe assumptionthat an adaptationis goodfor the individual

organismthatcarriesit. Howeverarguinginsteadthattheadaptationis for thegoodof ‘the germ-

line replicator’doesnot yet answerthequestion,but just generalisesit: germ-linereplicatorsare

alwaysgerm-linereplicatorsof alineageof vehicles,andthesevehiclesmustbeidentifiedin order

to answerthequestion.

In section9.1I arguedthat,althoughMayr etal werecorrectto arguethatindividualvehicles

play a causalrole in the processesof selectionthat changethe frequency of a gene,this was

equallytrueof therestof theextendedphenotype.Thereforevehiclesarenot distinguishedasan

essentialpartof the characterisationof naturalselectionby their causalrole per se. However in

section9.3I arguedthatvehiclesplayanineliminableconceptualrole in pickingoutwhich DNA

sequencescountasgerm-linereplicators:i.e. theunitsin whichthebookkeepingof evolutionmust

bemeasured.Whenthesetwo arguments— thecausalandtheconceptual— areput togetherthe

conclusionis thatwhenwedescribea trait as‘goodfor agerm-linereplicator’weimplicitly mean

that it contributesto the ability of a vehicleto passon moreof its genesto the next generation.

Beaver lakescanincreasethe frequency of beaver genesin two ways. The first is by producing

morebeavers.Thesecondis by producingfatterbeavers.Only thefirst constitutesevolution.

9.5 Conclusion

Lewontinet al arguethatnaturalselectionoccurswheneverwe have thedifferentialreproduction

of individualsonthebasisof their inheritedtraits.This is true,but whenwe ‘clarify’ thenotionof

inheritancewefind thatcorrelationsbetweenparentsandoffspringmustbemediatedby agenetic

mechanism.This implies that a changein genefrequenciesis a necessaryconditionfor natural

selection. Dawkins arguedthat a changein genefrequenciesis alsoa sufficient condition for

naturalselection.But theonly changesin genefrequenciesthatmatterarethosethatmeasurethe

8This point will be importantwhenwe considerthe analogybetweeninfectiousdiseasesand infectiousideasin
section10.2.
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ability of a vehicleto passon its genesto others. In thenext chapterI will discusshow we can

transferthisgeneralcharacterisationof naturalselectionfrom naturalhistoryto socialhistory.


