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A general linear model is developed to account for the effects of direct
phenotypic imitation and contrast of sibs on one another. Specific predictions from an imitation/contrast model depend upon three assumptions. They are (1) the type ofprocess (imitation or contrasO; (2) the stage
of the process at the time phenotypes are measured; and (3) sibling constellation variables such as the number, sex composition, and age distribution of a sibling pedigree. For some models, phenotypic variance
becomes a polynomial function of the imitation/contrast parameters and
the covariances between the genotypes and the environments of sibling
pairs. Consequently, phenotypic variances of different types of siblings
[e.g., monozygotic (MZ) twins versus dizygotic (DZ) twins versus foster
sibs] provide information about imitation or contrast. Thus, standardization of measures prior to analysis may unwittingly hide the statistical
information that could detect these effects. The types of data needed to
analyze imitation and contrast effects and the potential power ofresolving
these components of variation are discussed.
KEY WORDS: sibling effects; imitation; contrast; social learning; path analysis; personality;
genetics.

INTRODUCTION

Within behavior genetics, most linear models express sibling similarity
as a function of a "passive" sharing of genes and environments (e.g.,
Carey and Rice, 1983; Cloninger et aI., 1979; Eaves et al., 1978; Fulker
and DeFries, 1983; Jinks and Fulker, 1970; Loehlin, 1978; Vogler and
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Fulker, 1983). Except for a model developed by Eaves (1976), an "active"
effect of one sibling's behavior upon another sibling's phenotype is not
modeled. Several areas in the literature of social and developmental psychology, however, suggest that this passive view of sibling similarity may
be too simplistic.
Studies based on social learning theory (Bandura and Walters, 1963)
comprise one such body of psychological research. Dealing mainly with
the phenotypes of aggression in children and fears and phobias, these
studies provide ample evidence that imitation can affect the acquisition
and performance of certain behaviors, at least in the laboratory (Bandura
et a!., 1967; Bandura and Kupers, 1964). With the proper stimulus, experiencing a fearful model can even have an effect on one's own psychophysiology (Hygge and Ohman, 1978). Given that siblings, especially
those close in age, spend considerable time together in their youth, one
might expect sibs to act as models for each other. When this occurs, the
behavior of one individual influences the phenotype of his/her sibling and
may create a source of variation in addition to the passive sharing of genes
and environment. In addition to modeling, behavioral acquisition via sociallearning may be mediated by a reaction to a sibling's behavior. For
example, Patterson (1984) concludes that the siblings of problem children
maintain many of the coercive situations that elicit aggression from the
problem child; this agonism leads, in turn, to further coercion in the sibclearly an interactive process.
We also find a focus on active sibling effects within developmental
psychology. Using naturalistic observations on sibling dyads within the
home, Abramovitch et al. (1979) found high levels of sibling interaction
and imitation. Furthermore, these effects were not symmetric for siblings
of different ages. The elder of a sib pair tended to initiate the agonistic
and social behavior, while the younger imitated the elder brother or sister.
Also using naturalistic observations, Dunn and Kendrick (1982) found that
same-sexed dyads have different forms of interaction than do oppositesexed sib pairs. Neither may such sibling effects be restricted to young
children. Cicirelli (1982) remarks that affectional closeness, particularly
among sisters, persists well into adulthood, whereas sibling rivalries diminish with age.
Social psychology and developmental psychology, however, have
paid relatively little attention to the effects of shared genes and environment (along with the correlation between them) as causes for sibling similarity, a situation that prompted Scarr and Grajek (1982) to call for' 'better
theories about the nature of variation between siblings." In this paper,
we develop analytical strategies designed to examine "active" sibling
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effects within the context of the linear models often used in behavior
genetics.
In what follows, the terms "common environment" and "correlated
environments" refer to the passive kinds of environmental reasons that
promote sibling similarity. We follow Eaves (1976) and use the term "sibling effects" to refer to the active effects of one sibling upon another. We
also use the phrase imitation/contrast as a synonym for sibling effects.
We define imitation as an active process that makes siblings similar to
one another. Contrast refers to sibling effects that create phenotypic differences within a sibship.
The discussion of sibling effects is subdivided into four sections. In
the first section, we develop the logic of a sibling-effects model and derive
predicted covariances. In the second section, we show how the model of
sibling effects may be represented by path analysis. The third section
focuses on factors that will influence a sibling-effects model. Finally, we
discuss how sibling effects may be detected.
A SIBLING-EFFECTS MODEL

We begin by stating assumptions and definitions from which the logic
of the sibling-effects model is developed. We assume the following. (1)
Imitation/contrast phenomena imply that the observed behavior of an individual directly influences the behavior of a sibling. (2) The influence of
siblings on each other may be mutual; that is, sibling A influences sibling
B, while sib B also partially causes sib A's behavior. (3) In order for
imitation to occur, sibs must have a phenotype to begin with; to ease the
algebraic development and explication of the model, we define this initial
phenotype as the antecedent phenotype and denote it with the symbol Po.
(4) We assume no change in the genotypic or environmental causes of the
phenotype during the process of imitation/contrast. It is possible to write
an expanded model that incorporates sibling effects with developmental
changes in genes and environments. But for the sake of simplicity, we
restrict the current discussion to models that assume genotypic and environmental invariance. (5) We make the customary statistical assumptions of linear models, namely, that each variable is an additive function
of other variables and that the regression of any variable on another variable is homoscedastic. (6) We also recall a truism about causality. If X
-7 Y (that is, X is a direct cause of Y), then a change in X must result in
a change in Y, all other things being equal.
We now state the model implied by these assumptions by considering
a sibship of size 2. At the beginning of an imitation/contrast process, sib
A's antecedent phenotype influences sib B's antecedent phenotype. Sib-
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ling B, in turn, affects sib A. Now this mutual transaction creates a change
in both A's and B's antecedent phenotypes. From assumptions 1 and 6
above, this change in A's behavior must further influence B because A's
behavior is a partial cause of B's behavior. Likewise, from assumption
2, the initial change in B's antecedent phenotype must echo back to effect
a change in A. We have now changed A's and B's behavior a second
time. But to be consistent with assumptions 1, 2, and 6 again, these
changes themselves must further influence the two sibs. By continuing
with this logic, we see that this change in A reverberates back to B again,
who once more influences A, then returns to affect B, and so on. In short,
these assumptions imply the dynamic process of a continual feedback
loop whereby changes in one sib's behavior are always mirrored by a
change in the other sib.
There are other ways to view sib interactions, although they often
result in the same mathematical formulation as that derived from the continuous feedback model. Later we view this similarity, but first we illustrate the feedback model with a numerical example. Let sib A's antecedent phenotype equal 1.0, and sib B's = 0.5. Let a be an imitation/
contrast parameter giving the extent to which the phenotypes of the siblings influence each other. For this example, we let a = 0.4.
Sib A initially induces in sib B a change of aPo or 0.4(1), whereas B
induces a change of 0.4(0.5) in A. The change A induced in B is now
echoed back at A, so A has an additional change of a times the change
in B or 0.4[0.4(1)]; the change B made in A echoed back at himself is
0.4[0.4(0.5)]. These last changes again influence A and B, respectively,
by 0.4 3 (0.5) and 0.4 3 (1). If we continue the process, we find that A's
phenotype becomes
1 + 0.4(0.5) + 0.4 2 + 0.4 3 (0.5) + 0.44 + ...

=

1.4286,

while B' s phenotype becomes
0.5 + 0.4 + 0.4 2 (0.5) + 0.4 3 + 0.44 (0.5) + ...

=

1.0714.

Note that with each feedback cycle, the phenotypic changes become
smaller and smaller until they approach O.
The feedback process may be ended by one of several mechanisms.
First, the process may equilibrate. That is, at each step in the process,
the changes in both A's and B's behavior become smaller and smaller
until they approach zero. The example given above equilibrates at the
values given on the right. This situation may be applicable to traits such
as social dominance where there may be a large series of small gives and
takes until an equilibrium is reached. Second, the changes may be induced
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internally and not displayed overtly, thus limiting the feedback cycle. For
example, sib A may gain in intelligence by watching sib B perform some
clever action, yet A may simply file this action in memory without an
overt display of the cognitive strategy. In this case, A does not emit the
change so subsequent feedback is prevented. Third, an external influence
such as physical separation of the pair may interrupt the feedback loop.
Because different factors influence the feedback process itself, the
parameterization of the timing or what we henceforth call the stage of
imitation/contrast will be important. Consideration of the stage of feedback permits great flexibility in modeling sibling effects. For example,
consider the developmental or social psychologist studying interpersonal
dynamics of sibling pairs in the laboratory. The predispositionallevel of
the trait with which the siblings enter the laboratory may be modeled as
their antecedent phenotypes. The sibling-effects model with feedback permits one to quantify their state changes over time as the dyadic interaction
unfolds. In contrast, consider the study of vocabulary ~ize over time.
Here changes may be more internal, so it may not be reasonable to assume
a continuous feedback cycle.
To be sufficiently generalizable, the model will be developed as if
continual feedback were present, although we realize that assumptions
about continuous feedback cycles may be applicable to some traits but
not to others. As we shall see later, traits with no feedback may be considered special cases of the feedback model with only one stage of imitation/contrast.

Algebraic Derivations and Predictions of Siblings Effects
We may now algebraically represent the feedback process. Consider
a sibship of size 2. Let P stand for the phenotype of one sib and P' denote
the phenotype of the other. Let subscripts indicate the time or stage of
the dynamic process, and let /l(P) denote a change in phenotype from
one stage to the next. The model implies the recursion equations
Pt+1 = P,

+ a/l(P,')

P,+ I' = P,'

+ a/l(P,).

and

In short, the phenotype at one stage is a function of one's phenotype at
a previous stage plus a weighted function of the changes in one's sib ..
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Denoting the antecedent phenotype as Po, we can now develop the
series of equations:
PI = Po
PI' = Po'

+ aPo', !l(P I ) = aPo',
+ aP o , !l(P

j ')

= aP o ,

P 2 = PI

+ a!l(P I')

P3 = P 2

+ a!l(P') = Po + aP O' + a 2 p O + a 3 p o', etc.

= Po

+ aPO' + a 2 p O ' !l(P 2 )

= a2 p O,

By continuing with the series, we can write
P t =(l +a 2 +a 4 + · .. at)Po+(l +a 2 +a 4 + '''a t - 2 )aPo',
P,' = (1 + a 2 + a 4 + ... at)p o' + (l + a 2 + a 4 + ... a t - 2 )aPo .

(la)
(lb)

These are the fundamental structural equations for a feedback series.
There are two mathematical requisites for this series to reach an
equilibrium. First, I a I < 1. Otherwise, as the series (l + a2 + a4 + ...)
grows, P will increase to infinity unless the process is externally interrupted. Second, t must approach infinity, or the feedback loop must be
infinite. Practically speaking, however, the series should rapidly approach
an equilibrium value for reasonable values of a because a fraction is raised
to an increasing power.
At equilibrium, the two series in Eqs. (la) and (lb) reduce to (l 2
a ) - I , giving the structural equations
(2a)

and
P' = (l - a 2 )-I(po'

+ aP o).

Let k (l - a 2 )- I and let V denote a variance. Assume V(P o')
The phenotypic variance for P is
V(P) = V(P') = k 2 [(l

+

a 2 )V(Po)

+

(2b)
= V(P o).

2a cov(Po , Po')]'

(3)

and the covariance is
cov(P, P') = k 2 [(l

+ a 2 ) cov(P o, Po') + 2aV(Po)].

(4)

Note that the variance and covariance are functions of the imitation/contrast parameter a, the antecedent phenotypic variance or V(P o), and the
antecedent phenotypic covariance or cov(Po , Po'). The antecedent phenotypic covariance will be a function of the genetic and environmental
correlations for the sib pairs. Under additive gene action, the genetic
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correlation will be 1.0 for monozygotic (MZ) twins, 0.5 for dizygotic (DZ)
twins in the absence of assortative mating, and 0.0 for foster sibs in the
absence of selective placement. Consequently, when imitation/contrast
is important, the phenotypic variance of MZ, DZ, and foster sibs should
differ.
We now generalize to sibships of size 3 or more. Let a be an imitation/
contrast parameter reflecting the effect of siblingj' s phenotype on sibling
i. The imitation/contrast parameter previously was constrained to be the
same for the two siblings. We now allow for non symmetric sibling effects.
For example, under the specific hypothesis that firstborns imitate laterborns less often than later-borns imitate firstborns, then the two imitation/
contrast parameters may not be equal. Let A be an (n x n) matrix of all
the au's with diagonal elements equal to 0.0. Let P be an (n x 1) column
vector of phenotypes. Then, the matrix form of the recursion equation is
P t +!

= P t + ALi(P t ),

(5)

which leads to the structural equation

+ A + A 2 + ... At)Po .
(6)
Let At equal the series (1 + A + A2 + ... At). When the value of each
Pt = (1

a is sufficiently small and t is sufficiently large that each element in At
approaches zero, the matrix series equilibrates at At = (1 - A) - 1. Thus
the structural equation for the equilibrium condition is
(7)

Let Co denote the covariance matrix for the antecedent phenotype and
let C denote the covariance matrix for the resulting phenotypes after imitation/contrast. Then
(8)

or at equilibrium,
(9)

The notion of time and parameter t in the series deserves explication.
The concept has an equivocal meaning. On the one hand, it may be used
as a convenience to model a dynamic process by discrete stages in order
to derive mathematically the equilibrium state. In this case t is not measured, and, as we shall see, the path models in Figs. 1 and 2 are assumed.
On the other hand, it might be assumed that the imitation/contrast process
has not reached equilibrium. Consequently, parameter t, or another parameterization of time, becomes part of the model.
One important special case is when t = 1. Here, siblings influence
each other once and only once without entering a feedback loop. This
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Fig.!. Path representation of sibling imitation/contrast. G, genotype; E, systematic or
familial environment; U, unique environment; P, phenotype. a, imitation/contrast or siblingeffect parameter; h, path coefficient from phenotype to genotype; e, path coefficient from
phenotype to systematic environment. A path coefficient of 1.0 is understood for the path
from phenotype to unique environment. Subscripts 1 and 2 refer to sibling 1 and sibling 2.

model may be appropriate for certain types of phenotypes where the
changes are internal and do not result in overt behavioral differences soon
after the imitation/contrast. Also, practical considerations may lead one
to adopt this model. Equations (3) and (4) are quartics in a, so numerical
searches on the parameters could encounter problems with multiple local
maxima. This problem may in part be obviated by letting t = I and deriving the covariances from Eqs. (la) and (lb).
Exactly how one deals with t in practice will depend upon considerations about the research design and the phenotype of interest. For the
purposes of this paper, we wish to view the circumstances in which the
assumption of equilibrium, or the lack of it, makes practical differences
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Path representation of sibling imitation/contrast demonstrating how sibling effects
can generate genotype-environment correlation.
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in a sibling-effects model. Thus, we treat t as an index of the stage of a
dynamic process, not necessarily measured time.
THE PATH ANALYTIC INTERPRETATION OF SIBLING EFFECTS
In this section, we view how a nonrecursive path analytic model
represents sibling effects. Figure 1 presents a sibling-effects path model
for a pair of sibs whose variables are denoted by subscripts 1 and 2. We
regard the phenotype as a weighted function of genotype (G), a systematic
(familial or cultural) environment (E), a unique (or residual) environment
(U), and a sibling's phenotype. The double-headed arrows among the
exogenous variables (the G's and E's) model passive sources of sibling
similarity. Variables G and E may be standardized. In this case we must
use the respective path coefficients hand e. In the unstandardized case,
we let h = e = 1.
The arrows that go back and forth between the two phenotypes represent the active effect of each sib's behavior on the other. We subscript
the imitation/contrast parameters to allow for nonsymmetric sibling effects. Such nonsymmetric effects may reflect sex, age, or birth-order
effects on imitation/contrast. For simplicity's sake, we let a12 = aZI =
a for the subsequent derivations.
The model in Fig. 1 is nonrecursive because PI is a function of P z ,
while P z is simultaneously a function of PI. To simplify the derivation of
predicted variances and covariances, we first translate the nonrecursive
model into recursive form. Let the antecedent phenotypes or Po; = hG;
+ eE; + U;for i = 1,2. Note that cov(P OI , Poz), the covariance between
the antecedent phenotypes for a sib pair, is one parameterization of the
traditional twin design. We may write the structure equations
PI = POI

+

aP z ,

and

By substitution,
PI = POI
= (l -

+

a(Poz

+

a Z) -1 (POI

aP I )

+

aPoz ).

Likewise,
P z = (l - aZ)-I(p oz

aPoI ).

The structural equations are now in a recursive form. They are formally
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equivalent to Eqs. (2a) and (2b) except for the substitution of POI for Po
and P oz for Po'. Consequently, the model in Fig. 1 may be viewed as the
special case of the series model at equilibrium. Equations (Ia), (Ib), and
(8) are the general equations because they allow parameterization of t or
the stage of the imitation/contrast.
We may generalize the model in Fig. 1 to include more than two sibs
by writing the genotypes, environments, and phenotypes for all sibs with
arrows going back and forth between all the siblings' phenotypes. For n
sibs, let POi = hGi + eEi + Ui, i = 1,2, ... , n. We may then write the
structural equations for the pedigree as
PI = POI + OP I + alZPZ + .. , alnP n

P n = P On + anlP I + anzP z + .. , OPn .

Let P be the (n x 1) column vector of resultant phenotypes and Po be
the vector of antecedent phenotypes. Let A be an (n x n) matrix of the
a's with zeros on the diagonal. We can conveniently represent the series
of equations for this pedigree in matrix terms as
P = Po

+ AP

=

(I - A)-lp o .

(10)

Note that this is the same structural equation model as derived using the
series approach in Eq. (7). Once again we see how the generalized form
of the path model may be viewed as the special equilibrium case of the
series approach to sibling effects.
A second path model for sibling effects is presented in Fig. 2. 3 Here,
the assumption is made that a sibling's behavior directly influences the
other sib's environment. Consequently, an arrow originating in the phenotype of an individual and entering the environment of his/her sib represents a nonrecursive sibling-effect relationship. The effect here is nonrecursive because we have a "loop" in the path model whereby PI is an
indirect cause of itself through PI ~ £z* ~ P z ~ E 1* ~ Pl.
The model is presented to demonstrate how sibling effects generate
gene-environment covariance (Eaves et al., 1977; Plomin et al., 1977).
3

Two environmental variables, E and E*, are modeled instead of the customary one in order
to avoid the logical inconsistency that arises from drawing an arrow shooting into an
exogenous variable. For example, suppose an arrow were drawn from, say, PI directly
into £2, ignoring £2*' This formulation implies the structural equation E 2 = bllP I . Consequently, when b ll = 0, the variance of E l = O. In other words, if there were no imitation/
contrast, then there would be no effect of a systematic environment!
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Here the genotype of an individual, say G 1 , becomes correlated with the
environment E 1* through a number of paths in addition to the doubleheaded arrow that customarily refers to the GE covariance arising from
phenotypic assortment and environmental transmission from parent to
offspring. For example, the pathway r( Gl, G2)hb 12 increases GE covariance because the environment E 1* is being influenced by the variate P z ,
which is already correlated with genotype G 1 • The pathway hb 21 eb 12 gives
another source of GE correlation since one's own behavior influences
one's own environment, albeit indirectly through the phenotype of a sib.
To write the structural equations, assume a sibship of size n. Let G,
E, E*, and U be (n x 1) column vectors and let hand e be diagonal matrices
with, respectively, parameters hand e in the diagonals. Let B be an (n
x n) matrix containing the b;/s with bi} = 0 when i = j. The structural
equations are
P

=

hG + eE* + U,

and
E*

=

E + BP.

By substitution, then, P = hG + e(E + BP) + U. But since Po = hG +
eE + U, we can substitute and reduce to give
P = (1 - eB) - 1 Po .
This equation is isomorphic with Eqs. (7) and (10). The only difference is a rescaling of the parameters so that A = eB. Consequently, the
models in Figs. 1 and 2 are formally identical despite the difference in
their treatment of GE covariance. The GE covariance apparent in the
model in Fig. 2 is subsumed under the covariance between genotype and
phenotype in Fig. 1. The parameterization of Fig. 2 may be useful when
the calculation of those GE covariance terms induced through sib effects
is desired.

The Developmental Model of Sibling Effects
In this section, we explore a developmental model for sibling effects
and show the similarity between this model and models already developed. Here we assume that the phenotype at a specific time is a function
of a genotypic value at that time, an (systematic) environmental value' at
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that time, a unique environmental value at that time, and the phenotype
of a sibling at the previous time. Thus,
(lIa)
and
(lIb)
We subscript a to allow for different effects over time. Note that we no
longer model changes in phenotype because the phenotype at time t is a
function of the sib's phenotype at time (t - 1). Thus, this model is recursive and developmental, in contrast to the nonrecursive series and path
models derived above. Let X, = G, + E, + V,. Substituting (lIb) into
(lIa) gives
(l2)
When all variables become stable over time, Eq. (l2) becomes
Pe

= (l - a e 2 )-1(Xe + aeXe'),

(l3)

where the subscript e refers to an equilibrium value for the variable.
Notice that Eq. (l3) is isomorphic with Eq. (2a) and the structural equations derived from the path models in Figs. I and 2. The only difference
is the substitution of X in (l3) for Po. Although we started with different
assumptions and have not modeled a continuous feedback cycle, we arrive
at the same solution. This is reasonable because, in developing the feedback model, we assumed that genotypic and environmental values were
invariant over time.
Equations (lla) and (lIb) may actually be used with time-series data
to model sibling effects by specifying functional forms for the a's, the
genetic covariances, and the environmental covariances over time. We
mention its possibility here but must forgo further development of the
model.
FACTORS THAT INFLUENCE SIBLING-EFFECTS MODELS

Thus far, we have algebraically derived expected covariances and
have shown that the path models are special equilibrium cases of a general
series approach to imitation/contrast. From the general formulation [see
Eq. (8)], the covariance matrix for a pedigree depends upon three factors:
(i) the antecedent covariance matrix, (ii) the matrix of imitation/contrast
parameters, and (iii) parameter t or the stage of the process. In this section
we explore how these three factors influence the observed statistics in a
sibling-effects model.
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The central prediction from any sibling-effects model is one already
made by Eaves (1976)-namely, that phenotypic variance will differ for
different types of sibling dyads. To illustrate this, consider sibships of
size 2. Let us scale the variance of the antecedent phenotype to equal I
and let r denote the antecedent correlation between the two sibs' phenotypes. We also assume that al2 = aZI = a. In this case, Eq. (3) reduces
to
2ar).

(14)

From the path model in Fig. I, r may be expressed as rgh Z + reeZ
+ 2rge he, where rg is the correlation between the genotypic values of two
sibs, re is the correlation between their environmental values, and rge is
the correlation between the environmental value of one sib and the genotypic value of the other. By substituting this expression for r into Eq.
(14), we see that the variance of the resultant phenotype is a function of
the genetic correlation and the environmental correlation between siblings. Consequently, comparisons of the variances of sib pairs that give
information about heredity and environment also give information about
sibling effects.
Identical and fraternal twins are a case in point. Under random mating, rg = ! for DZ pairs and I for MZ pairs. When a for MZ pairs equals
that for DZ twins, then the phenotypic variance of MZ's should differ
from that of DZ's by h Za/(1 - aZ)z.
The phenotypic variance of individuals without a sibling provides
important information, a point stressed by Eaves (1976). For these individuals, a = 0, so Eq. (14) reduces to unity. Thus, the phenotypic
variance of only children provides a natural benchmark against which the
variance of individuals with sibs can be compared in order to detect sib
effects.
Comparing the variance of foster siblings to that of biologically related siblings may also provide information about sibling effects. But the
variance of foster children may also differ under phenotypic assortment
and/or vertical environmental transmission. Consequently, one may require more information than the direct comparisons of these two phenotypic variances in order to detect sibling effects.
Equation (14) is quartic in a, so exact differences in phenotypic variance depend upon the sign of a. Under imitation, a is positive, and variances will increase with increasing r. In this case we would expect MZ
variance to be greater than DZ variance, which should be greater than
the variance of only children. With contrast effects, a is negative, and
the ordering of variances will depend upon the exact value of a. In general,
as a becomes increasingly more negative, a resultant phenotypic variance

Carey

332

will decrease relative to the antecedent variance but then at some point
will begin to increase and, finally, will exceed the antecedent variances.
Some numerical calculations are given below to illustrate this, but first
we discuss the effects of sibling constellation variables and the stage of
the imitation process.
By sibling constellation variables, we refer to the factors such as the
size, sex composition, age, and spacing of a sibship pedigree. When a is
constant across sibships of varying size, then the resultant phenotypic
variance becomes a function of the number of siblings. To illustrate this,
consider the special case where t = I. Phenotypic variance becomes a
quadratic function of a.
yep) = [n - 1][1

+

r(n - 2)]a 2

+

2r(n -

l)a

+

1.

Under imitation, phenotypic variance increases with increasing sibship
size. This is reasonable because people with two sibs have one source of
variation more than do those with a single brother or sister. Under contrast, however, resultant phenotypic variance depends upon parametric
values of a, r, and n. The coefficient for a2 will be positive, so the square
term will increase yep) with increasing n. The linear term, however, will
tend to decrease yep) with increasing n. Thus, it is possible for small
sibships to increase resultant phenotypic variance, while larger sibships
reduce it.
In addition to size, other aspects of a sibling pedigree could contribute
to the predictions of sib-effects models. In the experimental laboratory
of the social psychologist, modeling and social learning can be moderated
by the sex and age of the model and learner (Grusec and Mischel, 1966).
Consequently, au could take a different value for each dyad in a sibship
and A would be parameterized separately for each pedigree to reflect the
specific age and sex composition of the pedigree. In any concrete application, of course, the existing theory would dictate how A will be parameterized" We give one simple example here.
Let us take one observation of Abramovitch et at. (l979)-that
younger sibs imitated their elder sibs, while the elders did not copy their
younger sib's behaviors-and implement it in a model. This concept implies that the a arrows in Fig. 1 will go only from elder into younger sibs.
If we arrange the sibs within each pedigree in order of age, then A will
be lower diagonal-all terms above and including the diagonal will be
zero. A testable consequence of this model, then, is that phenotypic variance will increase with birth order.
The last factor to influence a sibling correlation is the stage of the
feedback loop. From an analytical perspective, this will be important only
when the imitation/contrast process is beginning. Equations (la) and (lb)
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are polynomials in t, so the phenotype will change very little under large
t because fractions are being raised to a high power, giving very small
numbers.
We have discussed in an analytical fashion the three major components that contribute to a sibling-effects model. To view how important
these factors might be, we present some calculations in Table 1. We have
considered sibships of size 2 and 4 only and assume that a is the same
for all sibs. The resultant variance and intraclass correlation were then
derived under different values of the antecedent correlation, a, and t. The
antecedent variance was fixed at 1.0, so the resultant phenotypic variance
may be directly interpreted as an F ratio, the variance of the resultant
phenotypes for sib pedigrees being the numerator and the phenotypic
variance for individuals with no sibs being the denominator. This F ratio
provides a natural test for the presence or absence of imitation/contrast
effects. The calculations in Table I have several important implications
for studies of sibling similarity.
First, sibling effects might result in little change in phenotypic variance relative to the variance of only children, yet could alter correlations
in certain study designs. For example, consider a simple polygenic trait
with h2 = 0.4, no family environment effect, and a small contrast effect,
say a = -0.05. In a study of single offspring and twins (considering for
the moment sibships that contain only twins), the ratio of the phenotypic
variance would be 1: 0.98: 0.96, respectively, for only children, DZ twins,
and MZ twins. Exceptionally large samples would be needed to reject a
test for homogeneity of variance for these three groups. On the other
hand, the intraclass correlations for the twins are 0.10 and 0.31 for DZ
and MZ pairs, clearly implying that a simple polygenic model does not
fit. In this case, additional information may be needed to distinguish the
sibling-effects process from nonadditive genetic variation. For example,
the correlation for foster sibs (predicted in this case to be 0.10) or for
siblings reared apart (predicted to be 0.2 for those reared as single children
in the adoptive home) would give the appropriate information. Still, large
samples of these unique sibs would be required.
Second, in a number of calculations, the value of t makes little difference in resultant variance or correlation as long as imitation and not
contrast effects are operating. For human behavioral traits, observed intraclass correlations for adult sibs tend to be low and positive. They range
from 0.0 to 0.4 for measures of interests and personality, excluding cognitive ability and social and religious attitudes (Loehlin and Nichols,
1976). Examination of correlations that range from 0.0 to 0.4 in Table I
under positive a suggests that in many cases the assumption of equilibrium
(or the lack of it) may be robust. For example, with sibships of size 2,
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Predicted Variances and Correlations for Sibling Effects for Sibships of Size 2
and Size 4 Under Different Values of the Imitation/Contrast Parameter (a) and the Stage of
the Process (I) and the Antecedent Correlation"

Table I.

Variance (at
a

I

2

4

Correlation (at

I = )

6

E

2

4

I

= )

6

E

Sibship size: 2
Antecedent correlation: 0.00
-0.201.04001.1216
-0.101.01001.0301
- 0.05 1.0025 1.0075
0.05 1.0025 1.0075
0.10 1.0100 1.0301
0.201.0400 1.1216

1.1282 1.1285 1.1285 -0.3846 --0.3709 -0.3841 -0.3846 -0.3846
1.03051.03051.0305 -0.1980 -0.1961 -0.1980 -0.1980 - 0.1980
1.0075 1.0075 1.0075 - 0.0998 - 0.0995 - 0.0998 - 0.0998 -0.0998
1.0075 1.0075 1.0075 0.0998 0.0995 0.0998 0.0998 0.0998
1.0305 1.0305 1.0305 0.1980 0.1961 0.1980 0.1980 0.1980
1.1282 1.1285 1.1285 0.3846 0.3709 0.3841 0.3846 0.3846
Antecedent correlation: 0.20

- 0.20 0.9600 1.0384 1.0415 1.0417 1.0417 - 0.2000 - 0.1846 - 0.1994 - 0.2000 - 0.2000
-0.100.97000.98970.98970.98970.9897 0.0021
0.0041 0.0021 0.0021
0.0021
-0.050.98250.98750.98740.98740.9874 0.1023 0.1025 0.1023 0.1023 0.1023
0.05 1.0225 1.0276 1.0276 1.0276 1.0276 0.2938 0.2937 0.2939 0.2939 0.2939
0.10 1.0500 1.0705 1.0713 1.0713 1.0713 0.3829 0.3811 0.3828 0.3829 0.3829
0.20 1.1200 1.2048 1.2149 1.2153 1.2153 0.5429 0.5315 0.5424 0.5428 0.5429
Antecedent correlation: 0.40
-0.200.88000.9552 0.9549
-0.100.93000.94930.9489
-0.050.9625 0.9674 0.9673
0.05 1.0425 1.0476 1.0477
0.10 1.0900 1.1109 1.1121
0.20 1.2000 1.2880 1.3015

0.9549 0.9549
0.94890.9489
0.9673 0.9673
1.0477 1.0477
1.1121 1.1121
1.3021 1.3021

0.0182
0.2194
0.3127
0.4806
0.5541
0.6800

0.0342
0.2213
0.3130
0.4804
0.5527
0.6713

0.0188
0.2194
0.3127
0.4806
0.5541
0.6797

0.0182
0.2194
0.3127
0.4806
0.5541
0.6800

0.0182
0.2194
0.3127
0.4806
0.5541
0.6800

Sibship size: 4
Antecedent correlation: 0.00
-0.201.12001.2976
-0.101.03001.0801
- 0.05 1.0075 1.0211
0.05 1.0075 1.0241
0.10 1.0300 1.1041
0.20 1.1200 1.4896

1.2846 1.2750 1.2695 -0.2857 -0.1850 -0.2156 -0.2254 -0.2308
1.07461.07391.0739 -0.1748 -0.1407 -0.1489 -0.1496 -0.1497
1.0201 1.0201 1.0201 - 0.0943 - 0.0848 - 0.0862 - 0.0862 - 0.0862
1.0262 1.0263 1.0263 0.1042 0.1141 0.1162 0.1162 0.1162
1.1276 1.1298 1.1300 0.2136 0.2500 0.2670 0.2685 0.2687
1.8501 1.9971 2.0833 0.4286 0.5263 0.6244 0.6523 0.6667
Antecedent correlation: 0.20

- 0.20 0.9280 1.1536 1.1184 1.1026 1.0937 - 0.2414 - 0.0663 - 0.1170 - 0.1337 - 0.1429
--0.100.92200.98890.97860.97750.9774 -0.0499 0.0033 -0.0093 -0.0104 -0.0105
-0.050.9505 0.9692 0.9673 0.9673 0.9673 0.0721
0.0856 0.0836 0.0836 0.0836
0.05 1.0705 1.0943 1.0978 1.0978 1.0979 0.3255 0.3367 0.3390 0.3390 0.3391
0.10 1.1620 1.2697 1.3082 1.3118 1.3122 0.4423 0.4782 0.4946 0.4960 0.4961
0.20 1.4080 1.96002.5432 2.77872.9167 0.6364 0.7120 0.7814 0.8001
0.8095
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Table I. (Continued)
a

Variance (at

2

4

Correlation (at

t = )

6

E

2

4

t = )

6

E

Sibship size: 4
Antecedent correlation: 0.40
-0.200.73601.00960.95220.930] 0.9180 -0.1739
-0.]00.8]400.8977 0.8826 0.8811 0.88]0 0.108]
-0.050.89350.9172 0.9]46 0.9]45 0.9]45 0.2597
0.05 1.1335 1.1644 1.1693 1.16941.1694 0.5223
0.10 1.2940 1.4353 1.4889 1.4939 1.4943 0.6244
0.20 1.69602.43043.23643.56023.7500 0.7736

0.0862
0.1765
0.2753
0.5325
0.6538
0.8258

0.0]61 -0.0079 -0.0213
0.1607 0.]593 0.1592
0.2731 0.2730 0.2730
0.5346 0.5346 0.5346
0.6670 0.668] 0.6682
0.87]2 0.8830 0.8889

At t = 1, the model is the recursive model, lacking feedback. At t = E, the mode] is
the nonrecursive model of Fig. ] at equilibrium.

a

the correlations in any single row are almost within rounding error of one
another. For size 4, the assumption about t makes some difference when
a = 0.1; the resultant correlation increases from 0.21 to 0.27 as t goes
from 1 to infinity.
Under contrast effects, however, assumptions about equilibrium can
prove important. The largest difference in resultant correlations within a
row occurs with sibships of size 4 and large negative values of a. For
example, with an antecedent correlation of 0.4 and a = -0.2, the correlation is - 0.17 with t = 1, changes to 0.09 with t = 2, and equilibrates
at -0.02. The change in sign may appear strange, but it reflects the fact
that even values of t represent a contrast against an initial contrast that
makes sibs differ. This double contrast under even t effectively makes
sibs similar.
Third, sibling constellation variables may be important. Only sibship
size is considered in Table I, but several differences emerge in the predicted covariance matrix for sibships of sizes 2 and 4. For example, with
a = 0.05 and r = 0.1, the correlation for sibships of size 2 equilibrates
at 0.38. The corresponding value for pedigrees of size 4 is 0.5.
Finally, and most importantly, the calculations suggest that if imitation/contrast were such a potent contributor to individual differences
that it explained most of the covarial1ce for siblings, then we should be
able to detect it with the right types of data. Because the empirical intraclass correlations range between 0.0 and 0.40 (with some exceptions,
of course), large imitation effects imply small antecedent correlations.
Consequently, when heredity contributes to the antecedent correlation,
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the correlation between sibs or MZ twins reared apart should be small.
Large contrast effects must be paired with large antecedent correlations
to generate observed values between 0.0 and 0.4. Here, correlations between separated siblings should be large relative to those of sibs reared
together.
DETECTING SIBLING EFFECTS
Because imitation/contrast affects phenotypic variance, one way to
detect those effects is to test for homogeneity of variance across informative sib pedigrees, including individuals without a brother or sister. An
ANOVA model could be constructed in which individuals are nested
within families that are, in turn, nested within family types. The family
types would correspond to the sibling constellation variables hypothesized to be important for the particular phenotype. The hypothesis is that
the between- and within-family variance components are homogeneous
over family type.
For example, assume that a is constant over sibship size. Families
are nested by sibship size, and one ANOVA is performed for each sibship
size. The mean squares between and within families for each sibship size
are the observed statistics; under the null hypothesis of no sibling effects,
these mean squares should contain the same between- and within-family
variance components. Such a model could be fit to these data and evaluated using the standard biometrical approach (Jinks and Fulker, 1970).
If the model is rejected, then there is evidence consistent with sibling
effects.
A second approach is to use a quantitative pedigree analysis to estimate parameters directly and test for A = o. In current practice, this
approach assumes multivariate normality within pedigrees and obtains
maximum-likelihod estimates (Eaves et aZ., 1978; Lange et aZ., 1976; Hopper and Mathews, 1982). The log-likelihood for a pedigree is
L

=

-HIn

IC I +

(x - f.1)'C- 1 (x - f.1)],

where x is a vector of scores for the pedigree, f.1 is a corresponding vector
of means, and C is the predicted covariance matrix. The log-likelihood
is additive over pedigrees, so maximizing L summed over all pedigrees
providing estimates for the parameters. Likelihood-ratio tests can then
be used by testing a full model against a model where A = O.
This approach may be necessary when the hypothesized sibling effects become complicated functions of the sex and age composition of a
dyad. For example, it may be hypothesized that, for a given phenotype,
imitation/contrast declines as a function of the age difference of a sib pair.
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One way of formalizing this into a testable hypothesis is to let aij = b I age;
- age} I + c, where band c are, respectively, a slope and an intercept.
Testing for a nonzero, negative b determines whether or not au depends
upon age differences of sib dyads. Although there is only one parameter
to test (b), there will be many aij's and too few pedigrees of anyone type
to test for homogeneity of variance using ANOVA. The quantitative pedigree approach, however, will allow the testing of these types of
hypotheses.
Both the ANOVA and the multivariate normal pedigree approach
have the potential to jfln models that predict mean differences for siblings
with those that predict sibling effects on variances and covariances, as
Eaves et al. (1978) did for the variable play with father in singletons and
twins. Thus, one could theoretically join models predicting birth-order or
sibling-spacing effects with the models analytically derived above and fit
them simultaneously. We mention this P9ssibility here but leave its development for the future.
DISCUSSION
It is clear from the analytic development of sibling-effects models
that assumptions playa crucial role in making predictions about observed
sibling variances and covariances. As for many mathematical models, the
crucial issue is the validity of underlying assumptions, and with sib effects
the burden is on the user to be explicit and specific about those assumptions. The analytical derivations given herein can reveal only implications
of these assumptions.
To apply a sib-effects model, decisions must be made about three
different areas. They are (i) the type of process, or the sign of a; (ii) the
stage of the process, or t; and (iii) the effects of sibling constellation
variables such as sex, age, birth order, and spacing on the imitation/
contrast process. Of these assumptions, the most important may be the
sign of parameter a. With imitation effects, the stage of the process does
not appear critical, at least within the parameter space that generates
correlations like those typically reported for sibs. Also, the important
information for distinguishing imitation effects from correlated environments lies in differences in phenotypic variances of such groups as only
children, foster sibs, and MZ twins. But these differences in variance may
be so small as to be practically indistinguishable in any but the largest
data set.
The inability to untangle sibling imitation from common environment
may not be a great scientific loss because one could develop a cogent
argument that a sibling's overt behavior is part of one's familial environ-
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ment. In this light, one could rephrase the conclusions of several authors
regarding the difficulty in uncovering large common environmental effects
on personality (e.g., Goldsmith, 1983; Loehlin et al., 1981; Rowe and
Plomin, 1981)-despite the empirical demonstration that siblings interact
and imitate each other, perhaps intensely so over the course of several
years, their interpersonal transactions do little in the way of creating lasting individual differences in adult personality.
Contrast effects, on the other hand, may be a potentially important
area for subsequent research on sib effects because they counteract the
influence of common environment. For example, consider a trait where
genes and common environment each contribute 0.20 to the antecedent
phenotypic correlation, but there is a contrast effect of - 0.10. Assuming
that sibs are perfectly correlated for these common environment effects,
the antecedent correlations for foster sibs, full sibs, and MZ twins will
be 0.2, 0.3, and 0.4 under random mating. The observed correlations,
however, are 0.0,0.11, and 0.22. The respective resultant variances would
be 99,97, and 95% of the variance of individuals without sibs-differences
too small to be detected with sample sizes currently used in behavior
genetic research. Yet a traditional correlational analysis of these data
would fail to reveal that common environment was just as powerful as
additive genotype in promoting sibling similarity.
To uncover imitation/contrast effects, data on biologically related
sibs reared apart may be needed. They provide a direct estimate of genetic
effects and thus allow the information from foster sibs and twins to be
used to estimate common environment and imitation/contrast effects.
Another strategy is to develop direct measures of the common environment and incorporate them into a model. But this approach suffers
from the difficulty of identifying putative environmental variables that are
not themselves influenced by the genes or, in the case of parental variables, correlated with the genotype of an offspring.
One must emphasize that the calculations in Table I and the discussion thereafter suggest that sibling effects may be difficult, but not impossible, to detect. The Eaves (1976) model has been successfully applied
to Eysenck's Lie scale, to a measure of sexual satisfaction among female
twins, to play with father in children (Eaves et al., 1978), and to selfreported alcohol consumption in female twins (Clifford et al., 1981). It is
interesting that contrast effects were reported for three of these four traits
because the calculations given in Table I and by Eaves (personal communication) suggest that there is more power for detecting contrast than
imitation. The power of fitting sibling-effects models using the multivariate normal pedigree approach outlined above must await future
research.
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It is difficult to make general statements about the effects of sibling
constellation variables on imitation/contrast. The complexity of the matter
can be illusrated by considering sibship size. For simplicity, we have
always treated a as constant across sibships of different size. But is this
reasonable? It may be that in the course of day-to-day interactions, one
simply does not have as much intimate exposure to each sib in a family
of size 8 as one would have with a single brother or sister. Consequently,
the magnitude of a may be inversely related to the sibship size. If we add
to this consideration the possibility that a may also be sex and age dependent, then the pedigree approach may be the only plausible method
of dealing with sibling effects.
The analytical derivations for sibling effects given above are similar
to a model developed by Eaves (1976; Eaves et al., 1978). Eaves assumes
that loci that contribute directly to one's own phenotype may also indirectly affect the phenotype of a sib. "Cooperation" occurs when the
effects are of the same sign; "competition," when the signs differ. Expectations under this model are formally equivalent to drawing a path
directly from one's own genotype into a sib's phenotype (see Clifford et
al., 1981). In this sense, it differs from the path models in Figs. 1 and 2.
Eaves' model is applicable to sib pairs; the present model allows sibships
of varying sizes and will theoretically allow both imitation and contrast
processes within the same pedigree. Furthermore, the Eaves model predicts that competition effects will always reduce phenotype variance,
while the effect of contrast in the present formulation depends on other
parametric assumptions. What must be emphasized, however, is that both
formulations predict that phenotypic variance for different classes of relatives gives important information about sib effects and serves to differentiate them from other genetic effects such as nonadditive genetic variance. Consequently, both emphasize that researchers should report, and
preferably analyze, unstandardized data.
The terms "imitation" and "contrast" have been used to represent,
respectively, a positive and a negative parameter a. A central point in
understanding a sib-effects process is the proper translation of such
loosely defined psychological terms into the parameters of a formal model.
For example, one might expect that terms such as sibling rivalry and
competition should evoke contrast effects, but this is not necessarily true.
Consider the trait of social dominance and leadership, which, by its definition, implies a dyadic interaction between two individuals. If sibling
rivalry for dominance takes the form that persons initially high on dominance tend to induce submissiveness in a sib and submissiveness in a
person tends to elicit dominance in a sib, then contrast is operating. The
sib effect tends to make sib pairs dissimilar, so a is negative. On the other
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hand, if one tries to rival a sib by becoming more dominant in the face
of a sibling's display of leadership, then imitation is implied. The process
implies a positive a even though the term competition aptly describes the
psychological process. Formally, there is no distinction between this competitive rivalry and a pure imitation process whereby one passively learns
concrete strategies for leadership by observing and emulating the behavior
of a sib.
Sibling imitation/contrast may be potent contributors to psychological and intellectual development yet not result in lasting individual differences. For example, many people reared in English-speaking cultures
may learn through a sibling that the word "dog" refers to a particular
type of furry, four-legged animal. Yet such imitation would not contribute
to normal adult variation in verbal ability because everyone but the most
profoundly disabled will have already acquired the meaning of this word
in one way or another by the time they are adults. In this case, sibling
effects may be viewed as a process mediating the acquisition of verbal
ability. The understanding of processes such as these is an important goal
for the social and developmental psychologist (see Lamb, 1982) but is not
of direct interest to the behavior geneticist interested in the origins of
individual differences.
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