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Abstract

Biometric analyses of variabilny in behavioral phenotypes have demonstred that penotype plavs o signilicant role

1 all behavioral des clopment, but the develepmoentl signifrcance of the convironment has renmained obscure.

Behavior penctic anadvses typrcadis shosw the etfeer of shaved famidy eovironment to be vers smafl, although

considerible vartailng remions 1o be explained alter genelic Bctors Jve peen aceomred Tor. Behavior geneticists

have suggested. contrary oo, that ahimost all of the imporant effects of the envirehment serve o mike

Tamily members more difterent fronn cach other, Enviconmentalists of several persuasions have poinied o the crucial

muportanee of the einnmonment m the imtston and regulaoon of all deseiopmiental processes, Dy this article, we

present o serres of shmulations o sueeest that some of e ditficolny of dentiivipg eavironmental elfecis in

hometric modeis s methodelogicat, Adding simple dyiamic parameters (o models of development leads (o syvstenis

whicl environment prodices substantio] varfabiliy that can be detected i the comtext of a particidar senaty pe.

hut samishes when cenotype is alfowed W vain .

Introduction
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To the extent that the nature—nurture debate
was about whether or not genotype influenced
the development ol hehaviordl characteristics
in humans. it is over. Twin and adoption stud-
ies have been practically unanimous in dem-
ostrating substantiad genetic components of
vartation in complex  human phenotypes
(Plomin. Owen, & MceGuiting [994) ranging
from  schizophrenia (Gouesman, 1991) 1o
marital status (MceGue & Lyvkken, 1992y, The
realization that no aspect of human behavioral
development is o free influ-
ence—it fact we have sugeested deserves o
be called the First Law of Behavioral Genet-
ies (Turkheimer & Gottesman, 1991 —has
profoundly changed the terms ot the nature-
nurture debate. Environmentalists - can no
fonger make u plausible case thal properly
conducted twin or adoption studies would

from  genetic
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show gencue influence to be negligible. or na-
Ivelv gssume that the transniission of el
o JOOS0D PO DTOHD Paiill [0 QUSSP i
conducted  exciusively along  seciocultural
pathways. But the First Law presents prob-
lems for behavior geneticists as well, The
very ubiguity of genetic influence has reduced
the staple of behavior genetic research—de-
monstration of significant heritability for a be-
havioral phenotype—to a commonplace. It
has also focused attention on some peculiari-
ties of prototvpical behavior genetic resalts,
which demonstrate the importance of genetic
influence in the most general sense, but leave
many unanswered guestions ibout the devel-
opmental mechanisms through which genes
might affeet behavior,

The mystery of the bienpeiric enviromment

Although it has become fashionable (o adver-
tise behavior genetics as a “window on the
environment.” (Reiss. Plomin, & Hethering-
ton. 1991} the environment has not fared well
in behavior genetic studies o development.

Hht7



6H6HY

Turkheimer (1995) has suggested tha the First
Law of Behavior Geneties. positing the univer-
sal Importance ol cenctic variation, s not par-
ticularly surprising when it 15 understood cor-
rectly. But the Second Law—which holds that
once genetic Factors have been controlled. vari-
ation in shared Fumily environment comributes

practically nothing 1o biometric analyses of

phenotypie vartation—is  deeply counterintu-
itive and controversial. 10 s worth reviewing
the empirical basis of this claim. as @ basis for
then exploring its limitations,

In its simplest form the biometric: maodel
partitions variability in a phenotype into three
parts: the udditive effect ol genes. the effect
of shared Tamily environment. and the elfect
of nonshared environment (Mather & Jinks,
197 1), The additive elfect of genes is roughly
estimated by twice the excess similarity in
identical twins compared (o fraternal twins. or
by the parent—child correlation between bio-
logical parents and adopted-away offspring,
The elfect of shared environment is estimated
by Fraternal twin correlations m excess of one
hall ol corresponding monozyeotic tMZ) cor-
relations. or by correlations between hiologi-
cutly unrelied  individuals  within adoptive
fumilies. The effect of nonshared environment
is bastcally what is [eft alter additive genetics
and  shared family effects huave
counted for. although this varability is con-
tounded with crrors of measurement and other
residustls.

A corpus of behavior genctie research has
established that within the context of biome-
tric research designs, the additive genetic and
nonshared  environmental

heen  ac-

components  are
substantial, whereas the shared environmental
component is usually close 1o nile In twin
studies ot adults, MZ twins wre olien e
than twice as similar as DZ twins, putting
modern nanimum likelihood estimation pro-
cedures in the uncomfortable numerical role
of preventing the shared environmental vari-
ance rom becoming negative, Correlations
ameng  eenctically unrelated individudls 1n
adoptive Tamilies are modest but promising
among vouny children, but quickly approach
zero s children pass adolescence (MeCuart
ney. Harris, & Bernierio 1990).

Can it really be true that variation in shared

I Turkheivier and 1.1 Gottesnm

Family environment contributes little or noth-
ing to vurigton in adult behavioral pheno-
types? Not surprisingly. mainstream behavior
geneticists have been most willing to take the
Second Law at face value. It is generally ac-
cepted in behavior genetie cireles that varia-
ton in normal.” or “good enough™ (Scarr,
1992) environments has little to do with varia-
tion i behavioral phenotypes in adulthood.
and that varation among the child-rearing
methods of typical American families does
not exert a strong causal influence on c¢hild
development (Rowe, 19941 Behavior geneti-
cists hive observed () that oreanisms seek
out environments in accordance with their ge-
notype (Scarr & McCartney. 198432 (b that
survival ol the species depends on o certam
degree of robust resistance (o varition in «
broad range of normal environments (Scurr.
1992): () that many aspects of what we tradi-
tionully think of environment (parental rear-
ing stvles, for example) are themselves sub-

Jeet W signmificant genetic varation (Plomin &

Bergeman, 199350 and (dy that the important
actions of the environment cause fwmily mem-
bers to be  dissimilar vather than  similar
(Plomim & Duaniels. 1987). All of these con-
siderations would serve to reduce the biome-
tric. contribution of normal family environ-
ment o the  development of
viriahility.

phenotypic

Contemporary environmentalists are more
cognizant ol genctic transmission of variabil-
iy in behavior than those ol a generition ago.
but remain hostile toward the strong behavior
genetic contention that familial ¢ffects in the
normal range are unimportant in behaviorul
development, The traditional environmentalist
line of attuck against strong genetic cluims in-
volved questioning the methodological or sta-
tstical validiey of biometric studies (e.g.. Tay-
for. 1980). Many of these criticisms may have
some merit. but the refentless replication
of the importance  of  genotypic  variation
(Plomin & McClearn, 1993) und the lesser
importance of vartation in shared fanuly envi-
ronment (Rowe, 1994) have made it increas-
mgly difficult to make the case that chunges
1o statistical assumptions ol biometric analy-
ses would radically alier their results.

More recently. some  environmentalists
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have conceded the niportance of genetic vari-
aton i human phenotypes. and presented
new argument Tor the importance ol the envi-
ronment tor development, Following w semi-
nal paper ttied, The Anadvsis ol Varianee
and The Anadysis ol Causes.”™ {Lewontin,
19740 these environnentafists have sugoested
that developmental science was aever about
partitieming the variability: ol phenotypes i
the first place: rather. than the goal s 1o spee-
ity the particulur cansaf processes undertying
the development of phenotypes i individual
organisims. Causal development theories of
this kind necessartly mvolve mileractions he-
tween genes and environments, il not jeest
in the staustical senser real genes anust inler-
act with real environments before anything
can develop at all, Hertabilines approaching
unity al one extreme or zero at the other do
not Pkl thal genes or CRviromment are un-
important for development. and the numerical
vilue of hieritahility does not quantty the rel-
ative importanee of genes and environnient
tor development, Both are always cructal,

At the risk o rehashing an often-repeated
example that has abready been passed down
from Mark Twain o Hebb ¢ TUT) o Lerner
and von Eye 11992) to Bronfenbrenner i
Cect (1994, consider o biomeiric expertment
hased an Twain's reconmendaton that boyvs
should be raised m barrets 0 the age of 12
and fed through the bunghole. Beciuse the
bovs were raised idenueally. envirommental
variation would accoum Lo none ol the vari-
Hon i their behaviora! phenotypes. which
would therefore hise heritabilities close to
unity. but it would be incorrect 1o use such u
study 1o conctude that being rused i a bare)
has no cawsal influence oo deyelopment,

I its strongest o, this new environmet-
talist argument implies that specilication of
individual - developmentad processes s the
onfly Jegitimiute zoal of developmental sai-
ence, and that population-based variance par-
litioning 15 pretiy much arrelevant 1w the un-
derstanding  of behavior (Gowdieh. 1991
Gottlieh, 1995y In u reply to the strongest ox-
tant starement of the genelic view—-Scarn’s
£1992) Presidentiad Address o the Society for
Research 1 Child Development-—Baumrind
(1993} concluded:

(B

Ihe proportion ol senctic Sariation wttong tebivid-
aads i a paeericudar et m e particulae populaticns
sads nothing abott Boss ar why indis idiads dilter
in their development. how o narture that develop-
ment. or how cenes and envivonient mleract
Flene herediny and eny iromment interac) o produce
i i‘tlh‘}hi'l.\PC. unfike fow maels of hL‘I'C(lH_\ and of
environment produces @ phenoty pe. s ol consider-
able scientilie interest. Ba the how guestion, un-
like the how antch guestion. idquines hnowledede ol
what actual eovironmental circunstanees titeract
with s hich actuad genetic processes in the develop:
ment of o war op 1313

Behavior geneticists have veplhied thit analysis
ol sarinee is one thing and specihication of
causal processes i individuals 1y another. and
that in tacte populations are niore importint
than individals when it comes 1o understand-
ing development tScr, 1993,

W have suggested that individual- and
poptdation-hosed contributions are both nee-
essary for a sarence of development. and
moreover that the o siews are not us dui-
merrically opposed as they are often mude ot
o be (Turkbeher & Gotiesman. JY9 1 Turk-
heimer. Goldsimith, & Gottesman. 19931, Re-
cently. compronise views five been offered
by more environmentdly orienned theorises s
well tBronfenbhrepner & Ceei. P95, The wo
approaches remm at oddds, hosesver. beciuse
no theory has been developed 1o connect mdi-
vidualb causal processes with varition m pop-
ulations, apd thus o explai the apparent cone
tradictions between them, 15 normal family
cnvironment is i ocrecnid aspect of the devel-
opment of individuad homaes, why exactly
does 1Ll to contribute 1o biometric analy ses
ol poepulations, which are, wlter alls composed
ol nothing but individuals and their causad
processes Clurkheiner, 1991

The madure-nurture debate has evalved,
The old guestion of whether gepotape contrib-
wteel suhstantiad vaciability o behavioral out-
comes s been decisivels answered in the al-
fiomative, The rénuoning question involyves
the role of the enviramment, On o microdevel-
apmental level it is clear that ene—coviron-
et mteractions e a crocial I'L‘L[Llircn'lx_‘]'n lor
dovedopment. but e biometric analvses of
populations the clffects ol familics seem to

evaporaie, Atier genetic consideratons hasve
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been tuken into account. why do some chil-
dren do badly in school. become delinguents,
or resist their impoverished beginnings and go
an W positive outcomes’? Even tor the mosl
heritable phenotyvpes. like sehizophrenia, MZ
twins rearcd gether fall considerahly short
ol perfeet concordance. presumably becutise
of some kind o environmental variation (¢l
Roses. 19960, but sencrations ol intense in-
vestization have failed to discover specific en-
vironmental events predisposing o important
behavioral outcomes. In this article. we intro-
duce @ set ol simple simwlations of dynamic
mteractions among genes and environment,
with a0 goal of demonstrating that more «dv-
RIS
some of the more perplexing aspects ol cnvi-
ronmiental contributions o development.

maodels o behavior can reproduce

Sinntlation as an alternative ro
CAPOrimentaiion

Psvehology is not the only science confront-
ing phenomena ihat resist divect experimenta-
ton and fincar prediction. Metearologists in-
terested 1 the long-term prediction of weather
cannot produce hurricanes in the laboratory or
i onature, and the predictabitity of weather
systems rapidly approaches zero over periods
longer than o few months, Under such less
than optimal scientilic conditions. one empiri-
cal approach involves building simulations of
the phenomena of interest. usually on comput-
ers. 0 computer can use tairly simple pa-
rameters o simuolate o hurvicane, it becomes
maore plausible that something like those pu-
rameters might be involved in the production
ol actual burricanes, And it the simulaution be-
contes coud envugh. it may eventually be use-
ful in the prediction of real phenomeni. us is
currently the case with the weather,

One way 1o understand the statistical as-
sumptions of population-based methods that
are used in taditional behavior aenctics—in-
dependent and additive genes and environ-
ments. and additive combination ol multiple
genes—Is as aoset of simple parameters for
simulating the similarity ol genetically and
environmentally related individaals. Although
these methods have the advantage ol allowing
numierical estimation of relevant parameters

E Tk heimer ard 101 Gopresman

tan advantage the simulations described be-
low will not share). and have been very sue-
cesstul in identilying venetic components of
behavioral variation, they have not done as
well in formulating uselul theories of environ-
mental action. In the remainder of this article.
we propose o somewhat  more comples
method ol simulating the dynamics of cones

and environment in development,

Methends

The simulations o be described i this article
are conducted in o two-dimensional space. as
tlustrated i Frgure Las The o dimensions
of the spuce can be thought ol as hy pothetical
independent dimensions ol phenotype (e.g..
neuroticism and extriversion). Locuted in this
space dre w number of Teenes” that alleel the
development of the smnuluted organesm, The
cenes, wlich might be more accurately re-

ferred 1o as

“alleles,” are intended only as
units of genetic mfluence: we are not atlempt-
ing o simulute the actual mechanies of we-
netic transmission at this time. Ten senes wre
denoted as “G7 i Figure [ Also in the two-
dimensional space is the simulated phienonpe
of an organism. denoted as P in Frgure 1
and the inioul Tocation of the oreanism in the
environment, denoted as ET The location of
the phenotype al cidh point i time represents
the oreanism’s current values on the two et
dimensions. The location of the environment
represents the favorableness of the oraanism’s
environment for the developent of the two
i,

As the simiulation proceeds. the organism’s
senobype (he.. the location of the Gs in the
tvo-dimensional spacet remaiins lixed, The
organism’s phenotype and location i the en-
vironment chumee dyvnamically. however. ac-
cording 1o the [ollowing rules:

|. The phenotype is atiracted 1w the genes m
the space. That is, 1t will tend o move
the direction ol the Gs,

L=

CThe relative strength with which each gene
attracts the phenotype depends on the Lo
tion of covironment. Wien the environment
is ocated close to a gened the attraction off
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Figure L Two-dimensional space simulations.
the  phenotype o that  gene  becomes o be a rellecnon ol s phenotype twhich

et

n

SUronger.

- Lhe phenoty pe as attracted o the enviran-

ment.

CThe wtal amount ol auraction exerted on

the phenotype by the genes and the attrae-
tivm ol the phenotype 1o the environment
are fixed 1o be precisely equal, This eule is
important because 1t climinates the tadi-
tional nature -nurture question from the
simudation. At cach “moment” in the organ-
isavs Clife™ the relative influences exerted
by eenes and environment are cqual.

SThe environment is attvacted 1o the current

location ol the phenotype. That is. over
time the organisnis environment will tend

it depends i part on the environment),

. Both phenotype and environment have mo-

mentum. They will wend w keep changme
in the direction in which they have been
moving. unless genes or environment cause
them 1o do otherwise.

- For the first quarter of its “life,” the vroan-

1SS environment cunnot be infoenced by
phenotype. We refer o this condition as
“ehildhood.”

AU each iteration in the simulation, the pro-

eram computes the forees acting on the phe-
notyvpe and the environment. moves them ae-
cordingly, then recomputes the Torees, The



organism’s CHICT comprises 2000 such iteru-
tons, The simulatons are programmed  in
APL2 Tor OS82 which runs on PC-compatible
compuiers. (Source code Tor the program is
available from the Tirst author s

The final result is o plot of the complex
curvilinear path followed by the oraanism und
the environment. as Hlustrated in panels b oand
¢ of Figure 1. Figure 1b traces the path fol-
lowed by the phenotype. and Figure Te traces
the puth Tollowed by the emvironment. As s
the case in Figure Toomost configurations ol
genes and environment eventually - hecome
“eanalized™ moa circumseribed region ol the
space as bath the phepotvpe and the environ-
ment converze on a region ol the genotype.
W compute the mean focation of the pheno-
tvpe on dimensions 1 and 2 o the space dur-
ing the Tinal 30 ierations as o measure ol the
linal phenotype achieved by the organism.,

The remainder ol this article will deseribe
sonie prelintimary mvesteations ol the effects
ol variation mogenoty pe and starting environ-
ment o the Tinad phenoty pes of simulated or-
wanisiis, We sl conduet these investizations
i the Torme of simulated “experiments.” in
which swanples of oroanisms are allowed
develop wpder ditferent genetic and eaviron-
mentad conditions. We hope o show  that
mamy features of behavior geoeties can be re-
produced by the addition of more dy namice cl-
ciients o the mterplay of genes and environ-
ment.

Lxperinient £ Genolypic redaction nornns

Building on concepts introduced 1o genetics
by Schmulhausen (1949789565 and Dobzhun-
shy 119330, Gottesman (19631 proposed tha
the reaction noesr and s close cousin. the re-
cetion ronge, are the most mformatine meth-
ods for representing the outcomes ol studies
ol senes and environment. A reaction nornt is
a eraphical representation of the outcome ol
phenots pic development under dilferent com-
hinations o senes and environment. A reac-
tion range is the difference between the upper
and lower extremes ol phenotvpic develop-
ment Tor o given genotype across o specilicd
range ol environments { Turkheimer & Gaotles-
man. 1991) Although reaction norms e the

FoTwrkheiner and 1 F Geitesnian

most uselul method for representing the oul-
come of behavior genetic studies, they e no-
torteusly difficult to estimate i humans be-
catse 1he crucial experimental designs, in
which cloned organisms are reared in a vari-
ely ol contrasting environments. can only be
distant!y approximated by ivailable twin and
adoption methods (Pl & Sanislow, 98N
Gouttich. 19917, Our simulated model ol genes
and environment allows us (o explore what
happens when o single simulated genotype de-
velops under o variety ol environmental con-
ditons, We selected al random the 10-gene
system illustrated in Figure 1 In cach of 100
simudations. the phenotype staried at the cen-
ter ol the space. and the envirenment started
at points in which the Tocation on the v axis
wits Fised wr 300 and the Tocation on the v axis
varied from 1 1o 100, For cach starting point.
we recorded the means ol the final 30 tout of
2000 lacanons of the phenotype on v and .
The resulis of the simulauon are illustrated
in Fieure 20 in which Linal mean phenotype is
ploted on the v axis against the starting point
ol the enviromment on the v The line through
the points is g smoothing spline. which up-
provines the reaction norm for the one ge-
notype as the environmental strting point is
varied. Several aspects ol the results should
be noted. Fost varyiog the strting point of
the environment obvioushy had an elteet on
the fnal phenotype. because starting envi-
ronment wis the only factor varying aeross
simulations. The vartunce of the Tinal mean
phenotypes. 173 uniis, s theeetore entirely
“emvironmental™ inoorigin, Other aspects of
the relationship sngeest some ol the ditficul-
ties that will arise when we study environ-
mental effects under less controlled condi-
tions.  The  relationship highly
nonlinear. with regions in which environmen-
tal variation produces major changes i phe-
natypic adtcome. and other regions where it
i relatively umimportant, There also appear to
he sadden threshold changes in the relation-

appears

ship. For example. when the environmental
starting point is ahout 30, there is o sudden
shift from final phenotvpes that we mostly
around 40 1o phenotvpes mostly around 6.
Finally, across all parts of the reaction norm.
one can see individual points that vary consid-
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Figure 2. Roesults of Experiment 1.

erably from those in the immediate neighbor-
hood. For example. a starting ¢nvironmental
value of 94 results in o final phenotype ol
dbout 120 whereas starting poinls of 93 or 93
both result in Tinal phenotvpes over 0.

Experivpent 2: N envivemmental
redciion norie

Traditionally. reaction norms  have  been
drawn as contour graphs, with cach contour
representing the phenotypic outcome of a sin-
vle genotype across o range of environments.
Mare recently. we have shown that reuction
norms can be also represented as regression
surfaces (Turkheimer & Gottesman, 1991,
and that the reaction range concept can be ex-
tended to deseribe the runge of phenotypic de-
velopment [or @ given environment across
range  of  genotypes  (Turkheimer. Golles-
man. & Goldsmith, 1993). We conducted a
simulation of sueh an “environmenial™ reae-
tion norm in Experiment 2. For o fixed envi-
ronmenti] starting poimnt of {25, 25) we gencr-
ated 100 random genoty pes and computed the
final mean phenotypes on dimensions | and
2. Results for Dimension 1 (Dimension 2 is
very stmilar) are iflustraled in Figure 3,
There was a strong positive relationship

between mean genotype wid final mean phe-
notype on hoth dimensions, and the nature of
the relationship appears Lo be more svstenutic
than was the case in the previous experiment.
The relationship appears o be essentially Tin-
car (=65 for both dimensions) without evi-
dent thresholds or drastic deviations {from the
gencral trend. The phenotypie variation ol
417 units an Dimension 1 oand 408 units on

Dimension 2 is entirely genctic in origin.

Expeviment 3: Randoni genes cnd
randon civironieid

In the third experiment. we simulated a situa-
tion that is more typical of actual studies of
human behavior by studying phenorypic vari-
aton m genoty pe and environment simultane-
ously, That is. for each of 100 trials, we een-
crated a random set ol 10 genes and @ random
sturting place for the environment, We noted
onee again the mean of the final 30 locations
of' the phenotype on the two dimensions of
the space, Resulls are tlustrated in Figure 4,
Whereas the covariation between  genotype
and phenotype was unalfected by the inclu-
ston of environmentul variation (7~ = .63 and
A3 on Dimensions [ and 20, there is no longer
any discernable velation between enviromuen-
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tal starting pomt and {inal mean phenotype.
We then conducted an analysis of variance in
which we predicted Tinal mean phenotype
from mean genolvpe. envivonmental starting
point. and their interaction. Only  genotype
wils o sknificant predictor. accounting for
40% ol phenotypic variability on Dimension
Ioand 494 on Dimension 2. These pereent-
ages represent the percent of phenotypic vari-
ance accounted for by genotype when envi-
ronmental vasiation is controlied. so they may
be thought ol as the heritabilitics of the simu-
lated trait. On both Dimensions and 2. varia-
ton in eny ironmental starting point aecounted
for less than P of the varanee. The total
phenotypic viriation, 471 units on Dimension
Fand 405 units en Dimension 20 i essentially
the samie as in Experiment 20 which included
no environmental variation at all.

Discussion

We have described o simulation of the dy-
e interaction ol genotvpe and environ-
ment. which reproduces some of the more
perplexing  observations ol the geneties ol
comples human behavior, The influence of
senotype and enviromment are fised w be co-
cqual at cach moment i the development of
d simulated organism. We then observed the
cumularive effects of genotype and environ-
ment over a simulaed lifetime, Although
variation in simulated environmental starting
point produces variation in phenotypic out-
comme Lo single fixed penotype. the environ-
mental variation s only detectable when ge-
notype is o held  constant 11 genotype s
allowed 10 vary, no covariation with environ-
mental starting paint can be detected. Tt ap-
peirs that environmental variation in this sim-
ulution can only be detected in the context of
Qo particidear genotype.

In the simulations, therelore. variation in
aenatvpe is associated with equilinality in de-
velopment. in the sense that individuals with
sunilar genotypes tend to reach similar devel-
opmentl outcomes, The relationship between
cnvironmenta!  variation and  developmental
oulcome Appeirs o he more complex. As the
reaction norm illestrated in Figure 2
trates, environmental variation is associated

illus-

B3

with equifinality in deselopment within a sin-
ele orsanism, or a sampie of cloned organ-
vy, This sugeests why the effects ol envi-
ranment on development have heen casiest 1o
detect in the context of comparative sundies of
lower animals. where the dynamic interac-
tions of senowypic and environmental vark-
gon are vasicr o heep under control, But in
the human realm. where equivalent genetic
and experimentul controls sre rrely possible.
the exquisite sensitivity of envitonmental ef-
fects 1o uncontrotled varition i genotype
means that environmental variation s more
often associated with mulitinality oy develop-
mental outcome. Over o lifetime, tny differ-
cnces inenvironmentdl conditions can pro-
duce substantinl and unprediciable varation
in deyclopment.

We recall wostory about o diligent mather
who rewarded her child For cating spoach by
giving hin o bowl of tee cream. Wil the
chifd grow up loving or hating spinach. loving
or hating ice creant or loving or hating
mother? A vencration of behavior genatic re-
search has demonstrated that o sidy of sueh
chitd-rearing  practices with proper genelic
controls would o all Bkelihood show small
cnvironmental none e ulh But
should such findings lead us 1o the conclusion

ellects or

that variation i child-rearing proctices e un-
important e phenolvpic ouicone aeross i
broad range of “cood cnough™ enviromments?
Our resulis suggest that such negative conclu-
sions i be premature. Tnstead. it may be
that the effects of jee cream reinlopreament gre
substantial, but depend Tor their direction on
individual conligurations ol senotype tand.
probablv. other environmental variables as
welln 1 imerviewed, a sumple ol subjects re-
inforced with ice creawm as ehildren might
cach tell ol the important consequenees of
their mothers” unvusual culinary discipline, al-
thotgh some had hecome vegans and others
sweet-eritzed gourmands,

The simulation sueoests some other diffi-
culties ol studying the enviromment in i ge-
netic context. Whereas phenroty pic variinion
wssoctated with genotype was well (it by lin-

bW dre uneertain ol the virigins al this ¢sample, but il
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eur models, environmental vanation was non-
linear and even discontinuous. Small changes
in cnvironment resulted in large and sudden
changes in phenotypic outcome that would be
very difficult o it with tudigonal lTinear
models. Suppose. for example. that the two
extreme outcomes illustrated in Figure 2 (with
phenotypic values around 78) represent u
form ol pathological developmental outcome.
Attempts o discover the relationship between
environmental starting point and such oot-
comes would appear to be virtwally impossi-
ble. The extreme phenotypic outcomes are
associated with intermediate values of envi-
ronment. so linear models would not fit the
relationship: - morcover.  other  individuals
starting in environments very close to the two
extreme points do not show the extreme out-
come,

Finally. the simulatons may offer some in-
sight into the relationship between shared and
nonshared aspects of the environment, Al-
though we did not create simulated siblings in
this set of experiments (we are currently do-
ing sa). the environmental variaion in these
studies, based on the starting locavon in the
environment. simulated the shared environ-
ment. Two simulated siblings in the same
fumily would share an environmental starting
point. But if the effects of the environment
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