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We have initiated parallel longitudinal studies in Australia (Byrne,
PI), the United States (Olson, PI), and Norway (Samuelsson, PI) of
identical and fraternal twins who are being tested in preschool for pre-
reading skills, and in kindergarten, first grade, and second grade for the
development of early reading, spelling, and related cognitive skills.
Comparisons of the similarities of identical and fraternal twins will re-
veal the relative influence of genetic, shared family environment, and
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nonshared environment on individual differences at and across differ-
ent stages of development. Family and twin-specific environmental in-
formation is also being directly assessed through parent questionnaires
and observations by testers. Most of the data collected so far have been
from preschool twins (146 in Australia, 284 in the United States, and
70 in Norway). Preliminary analyses for the preschool cognitive mea-
sures showed reliable genetic influences on phonological awareness and
several measures of memory and learning. In contrast, vocabulary,
grammar, and morphology showed significant shared environment and
negligible genetic effects. A print knowledge composite showed both ge-
netic and shared environment influence.

OVERVIEW

It is now well established and widely accepted that individual
differences in reading ability are, in part, heritable. Twin-based
behavior-genetic studies with reading-disabled, school-aged in-
dividuals (DeFries & Alarcon, 1996; Gayán & Olson, 2001), with
individuals in the normal range of reading ability (Davis,
Knopik, Olson, Wadsworth, & DeFries, 2001), and with high
ability individuals (Boada et al., in press) all indicate substantial
genetic influence. The genetic effects extend to all aspects of
reading including phonological decoding, orthographic knowl-
edge, reading comprehension, and spelling (Olson, Forsberg, &
Wise, 1994). Complementing the behavioral observations are
studies at the molecular level with reading-disabled individuals
and their parents and siblings, with susceptibility genes for
dyslexia having been localized to chromosomes 2, 6, and 18
(Fisher et al., 2002; Gayán et al., 1999). Thus, there may be dif-
ferent genetic pathways to dyslexia across different individuals.
We should also note that while the genetic influence for dyslexic
group deficits as well as individual differences in reading and
related skills are highly heritable, the relative importance of ge-
netic and environmental factors may vary widely among differ-
ent individuals with dyslexia and among different individuals
across the normal range.

One aim of the present project is to gain a longitudinal per-
spective on genetic and environmental influences on literacy
growth. All behavior-genetic research into literacy growth has
so far been cross-sectional with school age children, and al-
though there are indications of differential genetic effects as a
function of age for component-skill deficits in reading and
spelling (DeFries, Alarcon, & Olson, 1997), longitudinal studies
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LONGITUDINAL TWIN STUDY 51

offer the best prospects for identifying age-related trends in the
amount and type of genetic and environmental influences. To
this end, we elected to begin with preschool-aged twin children
prior to their formal introduction to reading in the school sys-
tem. As well as assessing relevant variables in these four-year-
olds as outlined below, we are following the children through
the first several years of school to identify growth trends in a
behavior-genetic framework. In this paper, we present prelimi-
nary data from the preschool phase of the project.

A second aim of this project is to examine genetic and envi-
ronmental influences on cognitive, linguistic, and behavioral
processes that are known to co-vary with reading ability and to
do so in a design which may help disentangle causal relations
among these processes and literacy levels themselves.
Essentially, this means measuring these related processes prior
to reading instruction, and particularly prior to reading failure.
If processes considered as candidates for explaining variance in
reading levels are assessed only after those levels are estab-
lished, it is difficult to know whether the variables which are, in
fact, related to reading skill are to be numbered among the
causes or among the effects of reading level, or if indeed are re-
lated by means of a common process (Bradley & Bryant, 1983).
By assessing candidate processes in young children prior to
school entry, there is some assurance that variability in those
processes is not due to variability in reading skill. If it further
turns out that one or more of those processes shares genetic vari-
ance with subsequent reading skill, we may be closer to under-
standing how genes can influence this culturally determined
ability, one that emerged only late in human history (Byrne,
1998; Man, 2000).

The logic of twin studies in estimating genetic influences on
behavior is reasonably well known. Briefly, what is of most in-
terest is the degree of correlation for monozygotic (MZ) twins
compared to that of dizygotic (DZ) twins. MZ twins have all of
their genes in common within pairs whereas DZ twins share, on
average, half of their “segregating genes” (i.e., genes that vary
across individuals). In contrast to this distinction between ge-
netic similarities for the MZ and DZ twin types, it is assumed
that both types have equally similar shared environments, such
as the early home situation, although a child’s genes may have
an effect on his or her environment within the home, since par-
ents respond differently to each child’s unique personality and
abilities (Segal, 2000). Given these facts and assumptions, any
greater similarity between MZ twins compared to DZ twins on
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the variable of interest can be attributed to genes, and estimates
of heritability can be obtained from within-pair covariances or
correlations (Neale & Cardon, 1992). The effects of common
(e.g., home) environment can also be detected in twin designs.
If a behavioral process is largely under the influence of shared
environment but not of genes, then the correlation between DZ
twin pairs will be high, and similar to that between MZ twin
pairs. Finally, nonshared environmental influences are reflected
by the degree to which the correlation for MZ twins differs from
1, since shared environment and genetic influence account for
the MZ twin correlation.

SELECTING VARIABLES FOR INCLUSION

In deciding on what to include in the assessment of the children
and their environments, we were guided by both substantive
observations and methodological considerations. Numbered
among the former were cognitive and behavioral processes
known to correlate with reading ability and/or known to predict
reading ability when assessed prior to or during kindergarten.
In addition, we included a measure of responsiveness to phone-
mic awareness instruction as justified below. Methodological
constraints included the use of measures free of floor or ceiling
effects, of reasonable reliability, and suitable for administration
to young children. We also needed to keep the total commit-
ment of the children to manageable proportions. Many col-
leagues made useful suggestions for measures to include,
which, had we done so fully, would have produced an assess-
ment battery too taxing for our young participants.

Some of our measures require little justification because their
roles in and relations to reading and reading development are so
well known. Phonological awareness is one such measure (for an
extended analysis, see Byrne, 1998). Another is verbal working
memory (see Swanson & Siegel, 2001, for a review), as is the re-
lated process of nonword repetition, which is implicated in vo-
cabulary development and has been shown to distinguish
preschool children at familial risk of reading disability from other
preschoolers (Gathercole & Adams, 1993; Gathercole & Baddeley,
1989; Hindson, 2001). A fourth is rapid automatized naming
(RAN), familiar because it forms one plank of the “double deficit”
hypothesis (see Wolf & Bowers, 1999, for a review). Letter knowl-
edge is also an intuitively plausible and empirically grounded
predictor of reading growth (Byrne, 1998; Scarborough, 1998),
and we additionally included tests of word recognition and envi-
ronmental print, in part to determine which of our participants
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LONGITUDINAL TWIN STUDY 53

were indeed prereaders and in part as an index of the ability to
acquire printed symbols from the environment.

The length of the test battery precluded a full assessment of
intelligence, so we heeded the advice of Sattler (1988) and se-
lected the Vocabulary and Block Design subtests of the Wechsler
Preschool and Primary Scale of Intelligence (WPPSI) Wechsler,
1989) on which we could base an estimate of IQ. The vocabu-
lary measure was important in its own right because of evi-
dence that variation in vocabulary size is the best predictor of
reading achievement, outside of print-specific variables such as
letter knowledge, when measured prior to school (Scarborough,
1998). The WPPSI calls on the child to provide definitions of lexical
items, but the available evidence indicates that it is confronta-
tion naming that has the highest correlation with subsequent
reading levels (Byrne, Fielding-Barnsley, Ashley, & Larsen, 1997;
Scarborough, 1998), so we added such a test.

Aspects of language other than phonological and lexical
processes such as syntactic, morphological, and semantic opera-
tions have also been associated with reading achievement as
predictors and as simultaneous correlates (Carlisle, 1987; Catts,
1989, 1993; Scarborough, 1991a, b, 1998). Some ways of assess-
ing these processes, such as determining mean length of utter-
ance, involve procedures that were beyond the resources of this
project, so we elected to employ a standardized measure of syn-
tactic control, grammatic closure, and a test of morphological
processing closely based on the early work of Berko (1958).

Confirmation that many of the variables identified above
are suitable candidates for inclusion comes from research with
children with family histories of marked reading disability
(Byrne et al., 1997; Elbro, Borstrøm, & Petersen, 1998; Gallagher,
Frith, & Snowling, 2000; Hindson, 2001; Lyytinen, 1997;
Pennington & Lefly, 2001; Scarborough, 1991b). In some of these
studies, comparisons between high- and low-risk groups
formed the bases for conclusions (e.g., Byrne et al., 1997;
Hindson, 2001). In others, additional comparisons were based
on reading outcomes of the children themselves once they had
been in school long enough to determine which children be-
came reading disabled and which ones did not (e.g., Pennington
& Lefly, 2001; Scarborough, 1991b). Compared to preschoolers
unburdened by the family risk factor, at-risk children scored
lower than the controls in phonological awareness and other as-
pects of phonological processing such as speech perception and
production, nonword repetition, print awareness (letter knowl-
edge and familiarity with book conventions), vocabulary, and
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verbal working memory. These effects were typically heightened
when retrospective comparisons based on reading outcome
were made, such that significant differences were found on
measures such as preschool print and phonological awareness,
and on verbal working memory between high-risk children
who became reading disabled and those who did not (e.g.,
Elbro et al., 1998; Gallagher et al., 2000; Pennington & Lefly,
2001). Aspects of the data also indicated that the risk factor is
continuous rather than discrete. For instance, Pennington and
Lefly (2001) found that high-risk children who did not become
reading disabled nevertheless performed more poorly on cer-
tain literacy and phonological processing measures (though not
explicit phonological awareness) than low-risk children.

These family data suggest but do not prove the possibility
of genetic influence on the children’s performance deficits, since
children share both genes and environment with their parents.
The present study with twins is a powerful way to disentangle the
average genetic and environmental influence across the sample.

The cognitive variables introduced so far can be classified as
“static” in that they are single-time snapshots of processes (even
though these processes are developmentally progressive). But
learning to read is, by definition, an act of learning, and we
wished to include measures of the learning process itself as in
the “dynamic” assessment approach described by Grigorenko
and Sternberg (1998). Apart from the intuitive appeal of doing
so, there is accumulating evidence that responsiveness to in-
struction can itself be diagnostic of future reading disability. In
the study of at-risk preschool children, Byrne et al. (1997) noted
that the children were less responsive to instruction in phoneme
identity than a comparable randomly selected group of pre-
schoolers. Phoneme identity involves recognition that two
words can begin, or end, with the same phoneme, as in sun and
sail or dress and bus (see Byrne & Fielding-Barnsley, 1989, 1990).
Further, Byrne, Fielding-Barnsley, and Ashley (2000) showed
that in those randomly selected preschoolers, responsiveness to
the instruction, measured in terms of how quickly each child
grasped the notion of phoneme identity, was a good predictor of
school progress in reading, even after six years. Consistent with
this observation was the fact that children from this sample who
were classifiable as reading disabled in Grade 5 required many
more lessons than the subsequently nondisabled children to
achieve an understanding of phoneme identity during the
preschool training phase, even though almost all of them did
achieve this understanding and remained secure with it.
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LONGITUDINAL TWIN STUDY 55

Our measures of learning fell into two classes: standardized
tests and tailor-made tests. With the former, we sampled acqui-
sition and retention of verbal, symbolic, and visuospatial mate-
rial. The tailor-made tests involved acquisition of the concept of
phoneme identity, chosen because of its crucial role in reading
acquisition (Byrne, 1998; Byrne & Fielding-Barnsley, 1989, 1990)
and, therefore, for its ecological validity in this behavior-genetic
study of prereading skills and early reading growth.

In addition to measures of cognition and learning, we have
assessed the children for signs of inattention and hyperactivity.
This is important in light of the well-established comorbidity be-
tween inattention and reading disability, and of evidence for
shared genetic variance, as well as its shared linkage to a gene or
genes on the short arm of chromosome 6 (Willcutt et al., 2002).

We have also attempted to index aspects of the home envi-
ronment that might play a role in literacy development and
thereby cause twin-pair resemblance due to shared environ-
mental influences. These aspects included parental educational
backgrounds and reading habits, parent-child shared literacy ac-
tivities, and child-initiated print activities (Scarborough, 1998).

In this preliminary report, we focus on the cognitive and
learning variables and, therefore, the attentional and environ-
mental measures will not be described further.

METHOD

PARTICIPANTS

The twins included in the present analyses were ascertained in
Australia, Norway, and the United States. All were said by their
parents to be in their final preschool year, with ages at initial
contact and testing ranging from 47 to 68 months (mean 58.8) in
Australia, 54 to 71 months (mean 59.0) in the U.S., and 58 to 67
months (mean 61.3) in the Norwegian sample, where children
start formal schooling a year later. The Australian sample of 46
pairs of monozygotic and 27 pairs of same-sex dizygotic
preschool twins was selected from the National Health and
Medical Research Council’s Australian Twin Registry, a volun-
tary database containing the names of over 30,000 sets of twins.
Parents were approached by mail and approximately 60%
agreed to participate. No payment was given for participation.
The U.S. sample of 63 pairs of monozygotic and 79 pairs of
same-sex dizygotic twins was ascertained through the Colorado
Twin Registry containing records available for all twin births in
Colorado, excluding the few families that explicitly asked not to
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be contacted. Of the parents approached by telephone, 86%
agreed to participate. A payment of $100 was given for partici-
pation. The Norwegian sample of 16 pairs of monozygotic and
19 pairs of same-sex dizygotic twins was ascertained through
the Norwegian Medical Birth Registry. All parents in the south-
west region of Norway were approached by mail and 58%
agreed to participate. No payment was given for participation.

MEASURES

The testing took place over five days, and all five testing ses-
sions were completed within a two-week period. We describe
the measures below in sequence according to the testing day
and order of administration within each day. Because of space
limitations in this report, we can present only brief descriptions
of the tests. In cases of commercially available tests, we simply
name the test for the most part. In cases where the measures
have been created specifically for this project, we provide a brief
description and invite readers to contact us for fuller details.

DAY 1
Word Blending. Made available by Lonigan (personal com-
munication, 2000), this test asks children to blend com-
pound nouns such as baseball from their components
(base-ball).
Syllable and Phoneme Blending. Also from Lonigan (per-
sonal communication, 2000), children are asked to blend syl-
lables such as sis-ter, phonemes and syllables such as t-oy,
and phonemes such as m-o-p.
Sound Matching. From the Comprehensive Test of Phonological
Processing (Wagner, Torgesen, & Rashotte, 1999), a measure of
the ability to recognize shared initial phonemes (e.g., neck and
nut) and shared final phonemes (e.g., cap and lip).
Nonverbal Intelligence. The Block Design subtest from the
Wechsler Preschool and Primary Scale of Intelligence-Revised
(Wechsler, 1989).
Environmental Print. Children are presented with six com-
monly seen signs and asked to say the word(s). Examples
include exit and McDonalds.
Word Recognition. The Word Identification subtest from the
Woodcock Reading Mastery Test-Revised (Woodcock, 1987).

DAY 2
Visuospatial Learning. The Visual Learning subtest from the
Wide Range Assessment of Memory and Learning (Adams &
Sheslow, 1990).
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LONGITUDINAL TWIN STUDY 57

Word Elision. From Lonigan (personal communication,
2000), this test asks children to delete elements of com-
pound nouns such as boy from cowboy and say what is left.
Syllable and Phoneme Elision. Also from Lonigan (personal
communication, 2000), children are asked to delete syllables
such as ger from tiger, and phonemes such as h from hear.
Letter-phoneme Recognition. In a forced-choice format, chil-
dren are asked to point to the letter, from a line of four,
which corresponds to a spoken phoneme.
Rhyme and Final Phoneme Matching. Ten items are dedi-
cated to recognizing rhyme (e.g., that peep rhymes with
sheep, not truck or frog), and six to final phoneme identity
(e.g., that bat ends the same as kite, not mail or sock).
Phoneme Identity Training: Initial /s/. A four-stage teaching
routine designed to inculcate the idea that different words
can begin with the same phoneme, /s/. Within each stage
there are six trials. In each trial, the child is invited to indi-
cate which of three pictures has a name (e.g., seal, dog, mop)
that begins with the same sound as the pictured target (sun
in the first three training stages and snake in the fourth).

The stages are characterised by increasing instructional sup-
port for the child, and teaching ceases if a child responds cor-
rectly to six out of eight consecutive trials. In Stage 1, the child is
told to listen to the way sun starts and then to indicate which of
the three other words starts the same. Feedback is provided sim-
ply by affirming that sun and, for example, seal start the same, or
by pointing out that seal should be the answer because it starts
the same as sun. In Stage 2, articulation is added with the child
being asked to say all of the words. In Stage 3, the additional ele-
ment is provided by the trainer stressing the /s/ while pronounc-
ing sun and the correct response (the latter during feedback). In
Stage 4, in addition to the previous elements, the child is asked to
say the target word with the stressed /s/ and, in addition, to ar-
ticulate the /s/ by itself. The fact that the target (in this case,
snake) starts with /s/ is pointed out explicitly.

DAY 3

Story Learning. The Story Memory subtest from the Wide
Range Assessment of Memory and Learning (Adams & Shes-
low, 1990).
Rapid Naming. The Rapid Object Naming and Rapid Color
Naming subtests from the Comprehensive Test of Phonological
Processing (Wagner, Torgesen, & Rashotte, 1999).
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Confrontation Naming. The Hundred Pictures Naming Test
(Fisher & Glenister, 1992).
Letter Name Recognition. As for the letter-phoneme test
(above), in a forced-choice format, children are asked to
point to the letter, from a line of four, which corresponds to
a spoken letter name.
Phoneme Identity Training: Initial /p/. The four-stage
phoneme identity teaching routine, which on this occasion
teaches the phoneme /p/ in initial position as in pig.

DAY 4

Auditory-visual Paired-associate Learning. The Sound Symbol
subtest from the Wide Range Assessment of Memory and
Learning (Adams & Sheslow, 1990).
Print Conventions. The Concepts About Print Test (Clay,
1975). A measure of how familiar children are with aspects
of printed language such as the difference between words
and pictures, the direction of print, upper and lower case,
and the like.
Productive Grammar. The Grammatic Closure subtest from
the Illinois Test of Psycholinguistic Abilities (McCarthy & Kirk,
1961).
Phoneme Identity Training: Terminal /l/. The four-stage pho-
neme identity teaching routine, which on this occasion
teaches the phoneme /l/ in terminal position as in bell.

DAY 5

Vocabulary. The Vocabulary subtest from the Wechsler Pre-
school and Primary Scale of Intelligence-Revised (Wechsler,
1989).
Verbal Working Memory. The Sentence Memory subtest
from the Wechsler Preschool and Primary Scale of Intelligence-
Revised (Wechsler, 1989).
Productive Morphology. A test based on Berko (1958) as
adapted by Bradley (personal communication, 1999) and
further adapted. The child is asked to complete sentences
assessing control over suffixes for plurals, agentives, com-
paratives, and tense/aspect. The items use nonwords to
guard against reliance on memorized forms.
Nonword Repetition. The Children’s Test of Nonword Repetition-
Revised (Gathercole & Baddeley, 1996).
Phoneme Identity Training: Terminal /t/. The four-stage pho-
neme identity teaching routine, which on this occasion
teaches the phoneme /t/ in terminal position as in cat.
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LONGITUDINAL TWIN STUDY 59

PROCEDURE

The children were tested in their homes and/or preschools,
generally on five days over a one- or two-week period.
Members of each pair were tested at the same time by different
experimenters. The test sessions were interspersed with re-
wards in the form of stickers and with stories read from suitable
picture books. In most cases, zygosity was determined from
DNA collected through cheek swabs or, in the few cases where
this was not possible, from observation and structured ques-
tions (Nichols & Bilbro, 1966).

RESULTS AND DISCUSSION

In this brief report, we will consider two main levels of analysis
for the preschool data from the cognitive performance mea-
sures. First, we will compare the means and standard devia-
tions for each measure in Australia, Norway, and the United
States. Second, we will present preliminary analyses of the MZ
and DZ correlations and covariances for each measure in a com-
bined sample from Australia and the U.S., and consider the cur-
rent implications of these correlations and covariances for
genetic, shared environment, and nonshared environment influ-
ences across the different measures.

The uneven numbers across the measures, evident in some
of our tables, are due to two sources. Occasionally, a child was
unable to complete a test because of distraction, inattention, or
discomfort, in which case both members of a twin pair are lost
to analyses based on correlations and covariances. More sub-
stantially, we undertook a reevaluation of our methods after we
had tested the first 31 pairs of twins, checking for floor and ceil-
ing effects, among other things. We added several measures at
this stage including letter-phoneme knowledge, grammatic clo-
sure, and visual learning, and we changed the format of some
of the static phonological awareness measures.

PERFORMANCE MEANS FOR AUSTRALIA, 
THE U.S., AND NORWAY

Means and standard deviations (SD) are presented for all mea-
sures in table I. The measures are grouped into categories of
Phonological Analysis and Synthesis, Phoneme Identity Train-
ing, Print Knowledge, Spoken Language Processes, Learning/
Memory, and Nonverbal IQ. One-way analyses of variance and
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60 GENETIC AND NEUROPHYSIOLOGICAL ASPECTS

TABLE I. Variable Means and Standard Deviations for Australia, 
the U.S., and Norway.

Au. U.S. Nor.
Variable Mean/(SD) Mean/(SD) Mean/(SD)

Phonological Analysis & Synthesis

Word Blending (/12) 8.6 (3.3) 8.8 (3.1) 9.6 (2.6)

Syllable and Phoneme 
Blending (/12) # 6.4 (2.8) 6.2 (2.4) 7.1 (3.3)

Sound Matching (/20) ~ @ 5.5 (4.2) 3.6 (3.1) 3.4 (3.9)

Word Elision (/12) ~ 8.0 (3.1) 6.7 (3.0) 7.1 (2.8)

Syllable and Phoneme 
Elision (/12) ~ 4.7 (2.3) 3.9 (1.9) 4.0 (1.7)

Rhyme & Final 
Phoneme match ~ # 9.4 (3.2) 8.4 (3.0) 9.5 (3.5)

Phoneme Identity Training

Phoneme Identity 
Training Initial /s/ * 74.1 (24.0) 63.6 (22.7) 55.5 (23.5)

Phoneme Identity 
Training Initial /p/ * 70.3 (27.0) 61.5 (26.0) 52.9 (26.2)

Phoneme Identity 
Training 
Terminal /l/ ~@ 59.3 (23.4) 51.3 (20.3) 50.0 (19.8)

Phoneme Identity 
Training Terminal /t/ 60.3 (22.4) 56.6 (22.4) 59.8 (23.2)

Learning/Memory

Visuospatial 
Learning (/48) * 22.5 (8.0) 20.0 (7.8) 16.6 (9.0)

Story Learning 
Immediate (/55) @ 8.2 (5.4) 7.6 (5.9) 6.2 (6.3)

Auditory-Visual 
Learning ~ 7.0 (4.1) 5.3 (4.4) 5.7 (5.1)

Spoken Language Processes

Confrontation Naming* 84.6 (7.5) 75.7 (9.2) 79.7 (9.0)

Vocabulary Scaled ~@ 12.2 (3.7) 10.6 (3.1) 10.7 (2.8)

Verbal Working 
Memory Scaled @ # 10.9 (2.8) 10.3 (2.8) 6.6 (2.5)

Nonword Repetition 
(/28) 14.7 (6.0) 13.7 (5.5) 14.3 (5.4)

Rapid Naming 
Objects Sec. ~ 119.9 (46.8) 130.9 (41.8) 126.8 (32.3)
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LONGITUDINAL TWIN STUDY 61

Au. U.S. Nor.
Variable Mean/(SD) Mean/(SD) Mean/(SD)

Rapid Naming 
Colors Sec. 139.8 (50.2) 145.3 (51.0) 152.1 (42.7)

Productive 
Morphology (/22) 12.6 (5.1) 11.4 (5.0) 10.9 (5.2)

Productive 
Grammar (/33) ~ # 16.3 (5.4) 13.3 (4.5) 17.2 (5.8)

Print Knowledge

Environmental 
Print (/6) * 3.4 (1.4) 2.5 (1.2) 1.5 (1.2)

Word Recognition ~ @ 2.5 (8.6) 0.6 (2.9) 0.0 (0.12)

Letter Name 
Recognition (/26) * 18.7 (6.3) 16.8 (6.5) 9.9 (4.7)

Letter-Phoneme 
Recognition (/26) ~ @ 15.0 (6.5) 11.9 (5.9) 10.5 (5.2)

Print Conventions 
(/24) ~ @ 9.8 (4.0) 7.3 (3.8) 6.4 (4.0)

Nonverbal IQ

WPPSI Block 
Design Scaled ~ @ 11.5 (2.8) 10.3 (2.4) 9.7 (3.6)
Note: * = p < .05 for differences among all 3 countries, ~ for differences be-

tween Australia and the U.S., @ between Australia and Norway, and # be-
tween the U.S. and Norway.

Tukey HSD post hoc tests were performed to test the signifi-
cance of the differences between countries for each measure. It
is apparent that there are many significant differences between
the means, with higher scores for the Australian twins over the
U.S. and Norwegian twins, in most cases.

The reasons for the generally superior performance of the
Australian twins are not clear at this point. It appears that the
parents in the Australian families have a similar level of school-
ing in years compared to the U.S. families, although admission
to higher education in Australia is more selective than in the
United States. There may have been a selection bias toward
more educationally involved families in Australia since almost
all had voluntarily affiliated with the twin registry for research.
One possibility that we are inclined to reject is differences in test
administration. Great effort has been expended to equate testing
procedures through several meetings between the Australian
and U.S. testers, and the continued sharing of testing procedure
videotapes. Moreover, there are group differences in basic 
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measures of print knowledge including letter name, letter sound,
printed word knowledge, and concepts about print that are un-
likely to be influenced by minor differences in testing procedure.

The differences between Australian and U.S. twins in the basic
print-knowledge measures may have influenced their differences
in performance on the static and dynamic (learning) measures of
phoneme awareness. Based on studies of phoneme awareness in
adult illiterates prior to and after learning to read, we know that
learning to read increases phoneme awareness (Morais, Cary,
Alegria, & Bertelson, 1979). Similarly, the Australian twins’ greater
early knowledge of print may have resulted in their significantly
higher performance in the phoneme learning tasks and several
static measures of phoneme awareness.

For the smaller sample of older Norwegian twins, the pat-
tern of group differences with Australia and the U.S. is more
variable across measures. In spite of being slightly older, the
Norwegian twins clearly had the lowest levels of letter name
and printed word knowledge. Their letter-sound knowledge
and concepts about print were also lower than for the U.S.
twins, but not significantly so. This may reflect the dominant
educational view in Norway and in other countries such as
Austria that the time for print instruction is in the first grade
(starting at age seven) when all children are taught to read. In
spite of the Norwegian twins’ lower print knowledge, they did
achieve an average level of performance in two of the phoneme
learning tasks that was similar to that of the U.S. twins, and
they were equal to or better than the U.S. twins in the measures
of Phonological Analysis and Synthesis.

ESTIMATES OF GENETIC AND ENVIRONMENTAL 
INFLUENCE FROM MZ AND DZ TWIN CORRELATIONS 
AND MODELLING OF TWIN COVARIANCES

The Australian and U.S. data were separately standardized
within each country prior to combining the data sets and par-
tialling on age to obtain intraclass correlations for MZ and DZ
twins. We do not present separate twin correlations for the U.S.
and Australian samples because the 27-pair Australian DZ twin
sample is still rather small for reliable correlations and heritabil-
ity estimates. The Norwegian twin sample was not included in
these analyses because it is still too small for reliable standard-
ization within that country.

Table II includes the age-partialed MZ and DZ intraclass
correlations for the combined Australian and U.S. twins. In ad-
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TABLE II. Twin Correlations and Mx Model 
Fitting Estimates for Individual Measures.

Variable MZ r DZ r h2 c2 e2

Phonological Analysis 
& Synthesis

Word Blending .28 .07 .28 .00 .72

Syllable and Phoneme 
Blending .49 .25 *.53 .00 .47

Sound Matching .45 .25 .37 .08 .55

Word Elision .55 .28 .43 .10 .48

Syllable and Phoneme 
Elision .26 .22 .05 .21 .74

Rhyme & Final Phoneme 
match .50 .27 *.49 .02 .49

Phoneme Identity Training

Phoneme Identity 
Training Initial /s/ .48 .47 .09 *.41 .50

Phoneme Identity 
Training Initial /p/ .60 .33 **.56 .06 .38

Phoneme Identity Training 
Terminal /l/ .33 .27 .18 .17 .64

Phoneme Identity Training 
Terminal /t/ .51 .39 .36 .19 .45

Learning/Memory

Visuospatial Learning .51 .18 *.47 .00 .53

Story Learning Immediate .45 .18 **.46 .00 .54

Auditory-Visual Learning .48 .08 **.45 .00 .55

Spoken Language Processes

Confrontation Naming .68 .71 .00 ***.70 .30

Vocabulary Scaled .47 .33 .20 .26 .54

Verbal Working Memory 
Scaled .68 .40 ***.61 .09 .30

Nonword Repetition .39 .33 .19 .22 .59

Rapid Naming Objects Sec. .25 .33 .00 *.30 .70

Rapid Naming Colors Sec. .54 .32 ***.66 .00 .34

Productive Morphology .58 .42 .31 .27 .42

Productive Grammar .59 .53 .06 **.53 .41
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Variable MZ r DZ r h2 c2 e2

Print Knowledge

Environmental Print .63 .52 .24 **.41 .35

Word Recognition .91 .35 — — —

Letter Name Recognition .78 .69 .19 ***.60 .21

Letter-Phoneme Recognition .67 .66 .11 ***.59 .30

Print Conventions .46 .47 .02 **.45 .53

Nonverbal IQ

WPPSI Block Design Scaled .50 .27 *.50 .02 .47
Note: * = p < .05; ** = p < .01; *** = p < .001.

64 GENETIC AND NEUROPHYSIOLOGICAL ASPECTS

dition, maximum likelihood estimates (Neale & Cardon, 1992)
of proportional influences from genes (broad heritability is h2),
from shared environment (c2), and from nonshared environ-
ment (e2) obtained from within-pair covariances using the Mx
statistical modelling package (Neale, 1999) are presented in
table II.

Heritability can be roughly estimated in a straightforward
way by doubling the difference between the MZ and DZ corre-
lations, because DZ twins share half their segregating genes on
average. Heritability should not be higher than the MZ correla-
tion, so the MZ correlation can be used as an upper-bound esti-
mate of heritability, if doubling the MZ-DZ difference would
yield a higher estimate. Nonshared environment (e2), including
test error, can be estimated from the difference between 1 and
the MZ correlation. Finally, shared environment can be esti-
mated from 1 – (h2 + e2).

The Mx model fitting estimates in table II vary slightly from
those obtained from the correlations, but with this small sam-
ple, the confidence intervals are fairly broad and the estimates
based on the two different methods are not significantly differ-
ent. The Mx models have the advantage of providing separate
chi-square tests of significance for the contributions of genes
(h2) and shared environment (c2). The results of these signifi-
cance tests are indicated in the last two columns of table II.

Table III includes Mx modelling results for six composite
measures based on adding their individual measures’ age ad-
justed z scores. The results for each composite measure and the
respective individual measures are discussed below under
headings that correspond to the measurement categories in ta-
bles I and II.

Table II (continued)
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RESULTS OF PHONOLOGICAL ANALYSIS AND SYNTHESIS

Heritabilities for individual differences in the six static measures
of Phonological Analysis and Synthesis in table II ranged from .05
for Syllable and Phoneme Elision to .53 for Syllable and Phoneme
Blending, with a mean of .36 across all measures in this category.
The average shared environment estimate was .07 and the aver-
age nonshared environment estimate was .58. The high nonshared
environment estimates across the individual tests certainly in-
clude measurement error associated with the limited number of
trials in each test and variability in the young twins’ attention to
the tasks. In addition, static measures of phoneme-level awareness
tended to have floor effects for these young twins.

The Phonological Analysis and Synthesis composite mea-
sure in table III combined assessments across several levels of
phonological segmentation and blending (future analyses with
larger samples will separate children’s skills in each of these
levels). The advantage of the composite measure for our present
analyses is that it includes a large number of trials across six
testing situations. This likely reduced the contribution of mea-
surement error variance and floor effects to the estimate of non-
shared environment (e2 = .31), and it increased the significant
estimate of genetic influence (h2 = .52) compared to the averages
for the individual static measures. Shared environment influ-
ence for the composite measure (c2 = .16) could be dropped
from the model without a significant loss of fit.

RESULTS OF PHONEME IDENTITY TRAINING

Heritability estimates for the four Phoneme Identity Training
sessions ranged from .09 for initial /s/ to .56 for initial /p/,

TABLE III. Twin Correlations and Mx Model Fitting Estimates for
Composite Measures.

Measure MZ r DZ r h2 c2 e2

Phonological Analysis & Synthesis .69 .40 .52** .16 .31

Phoneme Identity Training .69 .48 .50*** .22 .28

Learning/Memory .49 .18 .47* .00 .53

Grammar/Morphology .67 .51 .22 .43* .35

Vocabulary .69 .55 .18 .49** .33

Print Knowledge .83 .68 .28* .55** .17
Note: Sample sizes ranged between 80-109 MZ pairs and 83-103 DZ pairs. *

= p < .05; ** = p < .01; *** = p < .001 for the significance of the estimates for
heritiability (h2) and shared environment (c2) greater than 0.
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with an average of .30. The average shared environment esti-
mate was .21, and the average nonshared environment estimate
was .49. The Phoneme Identity Training composite measure
yielded a lower estimate of nonshared environment (e2 = .28)
and a higher estimate of genetic influence (h2 = .50) compared to
the average for the individual measures. As for the static
Phonological Analysis and Synthesis composite, heritability for
the Phoneme Identity Training composite was highly signifi-
cant, but shared environment (c2 = .22) could be dropped from
the model without a significant loss of fit.

RESULTS OF MEASURES OF LEARNING AND MEMORY

Heritability estimates in table II for the three visual and verbal
learning/memory tasks (Visuospatial Learning, Story Learning,
and Auditory-Visual Learning) were similar, with an average of
.46. The average shared environment estimate was .0, and the
average nonshared environment estimate was .54. The compos-
ite measure in table III yielded a significant heritability of .47,
and shared environment (c2 = .0) could be dropped from the
model without a significant loss of fit. The pattern of significant
genetic and nonsignificant shared environment influence was
similar to that for the Phonological Analysis and Synthesis and
Phoneme Identity Training composites.

RESULTS OF SPOKEN LANGUAGE PROCESSES

The estimates of genetic and environmental influence in table II
varied widely across the different measures in this broad cate-
gory. Rapid Naming Objects showed no genetic influence and
very high nonshared environment, suggesting poor reliability,
while significant genetic influence was found for Rapid Naming
Colors. Nonword Repetition showed no significant genetic in-
fluence and high nonshared environment. Verbal Working
Memory showed significant genetic influence and little evi-
dence for shared environment. A much larger sample will be
needed for sufficient power to test for differences in results
across these measures.

We grouped the remaining measures in the broad Spoken
Language Processes category into two different composite
scores. The first composite combined the scores from the
Productive Morphology and Productive Grammar measures, la-
belled Grammar/Morphology in table III. The second compos-
ite combined the scores from Confrontation Naming and
Vocabulary Scaled (from the WPPSI), labelled Vocabulary in
table III. In contrast to the composite results described previ-

66 GENETIC AND NEUROPHYSIOLOGICAL ASPECTS

IDA/AOD BYRNE 2p  09/28/2 4:12 PM  Page 66



LONGITUDINAL TWIN STUDY 67

ously, these two language composites did not show statistically
significant heritability, but they did show significant shared en-
vironment influences.

In Stromswold’s (2001) review of the heritability of lan-
guage, results have generally supported the existence of genetic
effects on aspects of syntactic and morphological processes in
children, although methods of assessment have varied widely
and sample sizes have often been small, resulting in a mixed
picture. For example, Mather and Black (1984) found a very
high shared environment effect alongside a small genetic effect
for a morphological test very much like ours, while Fischer
(1973) reported no genetic effect for this process. Mather and
Black also identified substantial heritability in the test of pro-
ductive grammar that we also employed, at odds with our find-
ing, although their sample of 50 MZ twins and 29 DZ twins was
less than half the size of ours.

The Vocabulary results are also partially at odds with the
general observation from other twin studies that there is reliable
heritability for vocabulary size across the age range 14 months to
13 years (Stromswold, 2001). However, they are consistent with
aspects of these other twin studies. For instance, not all studies
have found MZ correlations to be reliably higher than DZ corre-
lations for vocabulary, even in older children (e.g., Foch &
Plomin, 1980), and Stomswold’s metaanalysis showed shared
environment effects of .66 compared to genetic effects of .29 in
the youngest twins. Stromswold concludes that “as children get
older, heritable factors and nonshared environment factors play
an increasing role in spoken vocabulary, and shared environ-
ment factors play a decreasing role” (pp. 670–671). It remains to
be seen whether our sample will show this developmental trend.
It also remains to be seen whether the h2 values for the two spo-
ken language composites—.22 for Grammar/Morphology and
.18 for Vocabulary—remain nonsignificant with a larger sample.

RESULTS OF PRINT KNOWLEDGE

Similar to the two composite language measures, there was lit-
tle genetic influence and strong shared environment influence
on individual differences in measures of Print Knowledge, ex-
cluding Word Recognition. The high MZ and lower DZ correla-
tions shown for Word Recognition in table II are due to the
presence of a few extreme outliers who read a large number of
words. When the correlations were recomputed after excluding
the 10% of subjects who read more than three words, the MZ
correlation was .39 and the DZ correlation was .50. The modal
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score for Word Recognition was 0% correct for 83% of the sub-
jects. Therefore, we did not model the data on Word Recogni-
tion to estimate heritability since the distribution for the full
sample was badly skewed, and the distribution without the out-
liers had severely restricted range.

The four adequately distributed measures under Print
Knowledge in table II are Environmental Print (h2 = .24, c2 = .41,
e2 = .35), Letter Phoneme Recognition (h2 = .11, c2 = .59, e2 = .30),
Letter Name Recognition (h2 = .19, c2 = .60, e2 = .21), and Print
Conventions (h2 = .02, c2 = .45, e2 = .53). The results are quite
striking and remarkably consistent across these four measures
of Print Knowledge: there were no significant genetic influences
but strong shared environment influences. The results for the
Environmental Print, Letter Name Recognition, Letter Phoneme
Recognition, and Print Conventions composite measure shown
in table III revealed a modest but significant heritability (h2 = .28),
and a stronger influence from shared environment (c2 = .55).
Large shared environment effects on print awareness may re-
flect a very high degree of diversity in the home and preschool
conditions that support or fail to support this knowledge, and
this can be explored further as we incorporate our environmen-
tal measures in future analyses.

Letter knowledge and phonological skills are correlated,
even in preschool children. For instance, the correlation be-
tween Letter Name Recognition and Sound Matching (the only
phonological test with purely phoneme-level items) in our sam-
ple was .35, and between Letter Phoneme Recognition and
Sound Matching was .45. In a sample of 128 preschool children
reported on in Byrne and Fielding-Barnsley (1991), letter-name
knowledge and a test of phoneme identity also correlated .45.
Hence, there is an apparent paradox in the fact that letter
knowledge shows high shared environment effects and no ge-
netic effects, whereas correlated phonological processing skills
show the reverse etiological pattern. We are not in a position to
account for this situation with any certainty, but possibilities
exist that will be worth further exploration. For example, if we
accept that our samples’ variation in letter knowledge is largely
an outcome of home and preschool environments, and if we
further accept that letter knowledge can provide a platform for
insights into phonemic structure (cf. Morais et al., 1979), then
genetic endowment might determine how effectively a child
can use that platform for developing phonological awareness.

Although the present estimates of shared environment in-
fluence for Phonological Analysis and Synthesis (c2= .16) and
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Phoneme Identity Training (c2= .22) are not significantly greater
than 0 in this small sample, we certainly do not want to argue
that there is no shared environment influence on phonological
skills in preschool twins. A larger sample may reveal significant
influences from shared environment that are associated with
shared environment influences on letter knowledge. Differences
associated with letter knowledge may raise or lower the aver-
age level of the twins’ phonological skills, perhaps contributing
to the nonsignificant shared environment estimates. However,
in the present sample, genetic influences appear to be more im-
portant than shared environment influences on individual dif-
ferences in preschool phonological skills.

CONCLUSIONS AND FUTURE GOALS

The three main findings from our preliminary behavior-genetic
analyses are the following. First, to our knowledge, the present
analyses provide the first evidence for reliable genetic influences
on individual differences in phonological awareness among
preschool twins. This result is consistent with the substantial ge-
netic influence on phoneme awareness that is found for group
deficits and individual differences across the normal range in
school-age children between 8 and 18 years of age (Gayán &
Olson, 2001; Gayán & Olson, under review; Olson, Wise,
Conners, Rack, & Fulker, 1989). The school-age twin studies also
show strong genetic correlations between phoneme awareness
and phonological word-reading skills (i.e., both are influenced
by the same genes). The latter result suggests but does not prove
a causal link from phoneme awareness to reading, because there
is a reciprocal relation between growth in word reading and
phoneme awareness (Morais et al., 1979).

The second main finding is the identification of significant
genetic influences (and negligible shared environment influ-
ence) on learning and memory processes in preschoolers. The
processes are as varied as verbal working memory (the WPPSI
Sentence Memory subtest), longer-term memory for verbal,
symbolic, and visuospatial information (the Story Memory,
Sound-Symbol, and Visual Learning subtests of the WRAML),
and acquisition of phonemic awareness (the specially created
training in phoneme identity). It remains to be seen how much
these variables share common psychological and genetic
ground, and how they relate to later growth in reading.

To address the causal role of phoneme awareness and learn-
ing processes through both genetic and environmental paths to

IDA/AOD BYRNE 2p  09/28/2 4:12 PM  Page 69



individual differences in reading development, we plan to test
the twins’ phonological and reading skills at the end of kinder-
garten, first grade, and second grade. Developmental behavior-
genetic analyses will show how genetic, shared environment,
and nonshared environmental influences on different types of
phonological awareness (i.e., awareness of phonemes versus
larger units, segmentation versus blending versus identity de-
tection) and on different types of learning processes (i.e., short-
versus long-term, verbal versus visuospatial, phonology-
specific versus more general) in preschool twins are related to
the twins’ subsequent development in phonological skills and
different measures of reading and spelling. We will also be at-
tending to the genetic and environmental pathways from
preschool language, rapid naming, and nonword repetition
measures to later reading development.

The third main finding is that in sharp contrast to the signi-
ficant genetic and nonsignificant shared environment influences
for phonological skills and Learning/Memory measures, Print
Knowledge (particularly Letter Name Recognition) and Vocabu-
lary (particularly Confrontation Naming) measures showed lit-
tle or no heritability, and consistently strong influence from
shared environment. Only the Print Knowledge composite mea-
sure showed a modest but statistically significant influence
from genes. Young children’s print knowledge, particularly letter-
name knowledge, has long been cited as the most reliable pre-
dictor of later reading development (cf. Adams, 1990). The
second most powerful predictor has been vocabulary, particu-
larly confrontation naming (Byrne, Fielding-Barnsley, Ashley, &
Larsen, 1997; Scarborough, 1998). It will be interesting to see if
shared environment effects on the twins’ subsequent reading
skills in the first and second grades are linked to their preschool
Print Knowledge and Vocabulary scores.
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