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Prereading and early reading skills of preschool twin children in Australia,
Scandinavia and the United States were explored in a genetically sensitive design
(max. N =627 preschool pairs and 422 kindergarten pairs). Analyses indicated a
strong genetic influence on preschool phonological awareness, rapid naming and
verbal memory. Print awareness, vocabulary and grammar/morphology were subject
primarily to shared environment effects. There were significant genetic and shared
environment correlations among the preschool traits. Kindergarten reading,
phonological awareness and rapid naming were primarily affected by genes, and
spelling was equally affected by genes and shared environment. Multivariate
analyses revealed genetic and environmental overlap and independence among
kindergarten variables. Longitudinal analyses showed genetic continuity as well as
change in phonological awareness and rapid naming across the 2 years. Relations
among the preschool variables of print awareness, phonological awareness and rapid
naming and kindergarten reading were also explored in longitudinal analyses.
Educational implications are discussed.

It has been known for a century that reading difficulties aggregate within families
(Thomas, 1905). About 50 years ago, evidence from limited twin studies that genetic
transmission is in part responsible for this aggregation began to appear (Hallgren, 1950;
Zerbin-Rudin, 1967), soon confirmed in methodologically more compelling studies
(Decker & Vandenberg, 1985; DeFries, 1985; DeFries, Fulker & LaBuda, 1987). Around
10 years ago, a landmark article identifying a chromosomal locus associated with
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dyslexia on the short arm of chromosome 6 was published (Cardon et al., 1994), and there
is now strong evidence for a specific susceptibility gene in this same region (Cope et al.,
2005). Reading ability across the normal range and at the high end of the continuum is
also affected by genes (Boada et al., 2002; Gayan & Olson, 2003). Genes are only part of
the story, with the home and other aspects of the environment playing a role as well
(Olson, Forsberg & Wise, 1994), and concerted efforts are under way to identify which
factors in the environment are particularly influential (Samuelsson et al., in press). Thus,
the amount and pace of research into the aetiology of reading ability and disability is
substantial and quickening.

In this article, we describe our group’s contribution to this research by summarising
published reports from a longitudinal twin study of early literacy development that we are
conducting. We also take the opportunity to update some of our findings, made possible
in part by an increased sample of twins in the project since those reports, and to include in
our longitudinal analysis a variable, rapid naming, hitherto uncovered.

Rationale

Our special contribution to the research into genetic and environmental influences on
literacy has been to study the problem in a genetically informative, longitudinal design
using twins recruited prior to the start of their school careers and followed for the first
several years into school. Up until the beginning of this project in 1999, all studies of
reading ability and disability conducted within a genetically sensitive design have
involved children and adolescents aged 620 years (Hohnen & Stevenson, 1999; Olson &
Byrne, 2005; Pennington & Olson, 2005). When studies are restricted to older children
already experiencing reading success or failure, the confounding effects of reading levels
on correlated abilities, such as phonological awareness, vocabulary, grammar and
working memory, can cloud the interpretation of results, a point first brought home to the
reading research community in the well-known article by Morais, Carey, Alegria and
Bertelson (1979). But if these associated skills are measured prior to formal (and much
informal) reading instruction, their roles as causes or consequences of literacy
development can be made clearer.

The longitudinal aspect of the project has allowed us to track changes in literacy and its
related skills and insights as the children grow. The analyses will be extended to at least
Grade 2 and, with further funding, to Grade 4, where children ‘read to learn’ rather than
just learn to read. By using a genetically sensitive design, we can address questions of the
continuity and change of aetiological sources. For instance, should it turn out that
phonological awareness is affected by genes at two or more phases (e.g. in both preschool
and kindergarten), we can question whether the same or different genes are implicated
across this developmental span. Similarly, should the twins’ shared environment be
playing a role in both phases, we can question whether new aspects of this source ‘kick
in’ in kindergarten or remain continuous with the earlier age.

Our sample comes from Australia, Scandinavia and the USA. Thus, the study is both
cross-national and cross-linguistic, giving us a unique opportunity to integrate cultural
and language differences into the picture of environmental factors that emerges from
the project (see Samuelsson et al., in press, for examples of such differences from the
preschool phase). The design will also allow us to search for possible differences in the
pattern of genetic and environmental influences across samples, at least when country
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samples are large enough to allow this comparison. Differences in the hereditability of
some processes might arise, for instance, because of an unequal environmental range
from one sample to another, suppressing the effects of genes in the face of a broad range
and enhancing it in a narrow-range environment.

The twin children in our project were not selected because they had a risk for dyslexia
(as they would, for example, if we only selected those families in which one or both
parents had reading difficulties). Thus, our focus was on genetic and environmental
influences that affect reading ability across its full range. Nevertheless, until and unless
it becomes clear that aetiological pathways to dyslexia are different from those that
determine ability throughout the full range, we can assume that our findings can be
generalised to very low (as well as very high) literacy levels. At present, sufficient
evidence does not exist to support the conclusion that the aetiology of dyslexia is
qualitatively different from that of normal-range differences in reading (Pennington &
Olson, 2005; Plomin and Kovas, 2005). Rather, dyslexia can best be thought of as a
particularly unfortunate ‘deal’ from the deck of genetic and environmental factors that
govern reading levels.

We present what follows in close to the usual format for research articles, although
most of the techniques and results are already in published form (Byrne et al., 2002,
2005; Samuelsson et al., in press). We do so as the most convenient way to package this
combination of review and new data.

Method
Materials

Test selection at preschool. The immediate goal of the preschool phase of the project
was to identify insights and abilities in children that underpin subsequent literacy growth
and to assess them in our twin sample. There is of course a large number of tests that we
could have included in the preschool test battery. However, we needed to limit the
number of these measures for two reasons. One is the power requirements of a behaviour-
genetic study; large numbers of participants are required, so we needed to balance the
amount of data we collect on individual children against the number of children we test.
The second reason is that preschool children generally have limited tolerance for
extended testing sessions. To obtain a representative sample of twins in a longitudinal
study, we needed to ensure that very few became frustrated and chose to leave the study.
Given, then, the need to constrain the size of the test battery, we measured candidate
variables against the following criteria: (a) the variable is reliably associated with rates
of reading growth, and with reading disability, in school-age children; (b) the variable
is a known predictor of subsequent reading ability when administered before or at the
beginning of school; (c) the variable discriminates between high-risk and low-risk
preschoolers; and (d) the variable is needed as a measure of general cognitive capacity.
All measures that we selected fulfilled one or more of these criteria.

Among the cognitive and linguistic variables that we selected, some require little
justification because their roles in literacy development are widely known and well
documented. These include phonological awareness, letter knowledge and other aspects
of print familiarity, rapid automatised naming and measures of phonologically-based
processes such as verbal short-term memory (see Byrne, 1998; Snowling, 2000; Wolf
& Bowers, 1999, for relevant reviews). Vocabulary and other aspects of ‘higher’
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language functions are also known to relate to literacy growth (Scarborough, 1998). We
sought, too, to assess the children’s learning potential, both within the domain of
phonological awareness and more generally, prompted by evidence that how quickly
children respond at a particular stage of literacy instruction serves as a good predictor of
subsequent growth rates (Byrne, Fielding-Barnsley & Ashley, 2000; Hindson et al., in
press). We needed to include nonverbal measures to meet criterion (d) above.

Behavioural assessment in the form of parent, teacher and tester ratings of attention
and hyperactivity was justified by evidence of comorbidity between symptoms in the
attention-deficit hyperactivity disorder spectrum and reading disability, including
common genetic sources (Pennington & Olson, 2005; Willcutt et al., 2002). Finally,
home literacy factors such as parental reading habits and the child’s willingness to engage
in literacy activities were included as a means of specifying possible sources of family
and outside environmental factors that our design identified. There is substantial evidence
that such factors matter in literacy and language development (e.g. Sénéchal & LeFevre,
2002; Sénéchal, LeFevre, Thomas & Daley, 1998).

Abbreviated details of the tests and other forms of assessment are presented here (for
full details, see Byrne et al., 2002 and Samuelsson et al., in press). Cronbach’s alpha
estimates of reliability for each measure, based on item-level analyses of the US data, are
in parentheses (except for subtests from the Wechsler Preschool and Primary Scale of
Intelligence, Wechsler, 1989, where published reliabilities are used).

Phonological awareness. These were mostly based on a preschool version of an
established test, the comprehensive test of phonological processing (CTOPP — Wagner,
Torgesen & Rashotte, 1999), supplied by C. Lonigan (personal communication, 2000).
Tests included word (.84) and syllable and phoneme blending (.76), word (.77) and
syllable and phoneme elision (.49), matching of phonemes (.77) and rhyme (.68). Also
included was a specially designed phoneme awareness training routine that targets four
phonemes, one per day, and teaches children to recognise words that begin, and end, with
that phoneme (e.g., sun and sail, dress and bus; .81).

Print awareness. Letter knowledge (names, .92, and sounds, .87); Clay’s concepts
of print (.83); knowledge of common environmental print (words such as Stop, Exit; .46);
and the Word Identification subtest from the Woodcock Reading Mastery Test, as a
screening measure (.86) were used.

Verbal fluency. This was tested through rapid naming of colours and objects from
the CTOPP (.71).

Language measures. Vocabulary (Hundred Pictures Naming Test, Fisher &
Glennister, 1992, [.89]); WPPSI Vocabulary (.83); productive morphology, a test based
on Berko’s methods, adapted by D. Bradley and further adapted for this project (.88); and
Grammatic Closure from the Illinois Test of Psycholinguistic Abilities (ITPA; .84) were
used.

Verbal learning and memory. Gathercole’s Nonword Repetition Test (.84); WPPSI
Sentence Memory (.88); Story Recall (.87) and Sound Symbol Learning (.88) from the
Wide Range Assessment of Memory and Learning (WRAML, Adams & Sheslow, 1990)
were used.

Visuospatial skills. These were tested by WPPSI Block Design (.86) and
visuospatial learning from the WRAML (.85).

Parent/teacher measures. Home literacy environment was assessed by the Home
Literacy Environment Questionnaire (Griffin & Morrison, 1997), and the Family Reading
Survey (Whitehurst, 1992), with 19 questions exploring book exposure, reading practices
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(both the child’s and parents’) and so on; the Disruptive Behaviour Rating Scale (DBRS —
Barkley & Murphy, 1998), a measure designed to detect signs of inattention and
hyperactivity (this test was also completed by preschool staff) was also used.

Tester assessments of behaviour. Because 4-year-olds’ commitment to task can be
variable, each tester provided a rating of 1-3 of the degree of external distraction present
for each test. They also provided an overall rating of attentiveness for each day and the
full test schedule using the DBRS.

Test selection for subsequent assessment phases. In the follow-up test cycles, we
focus on the literacy variables of letter knowledge, word and nonword reading, reading
comprehension and spelling. We include further measures of phonological awareness,
vocabulary and grammar, and continue the theme of assessing learning potential, both
specific to literacy and of a more general character. Here, we nominate the tests given in
the first follow-up year, referred to as Kindergarten, with reliabilities where available in
parentheses. For details, see Byrne et al. (2005).

Word-level skills. These were assessed by Test of word reading efficiency
(TOWRE; Torgesen, Wagner & Rashotte, 1999), which includes both real (.97) and
pseudoword (.90) items.

Spelling. Ten simple words and four nonwords, as used by Byrne and Fielding-
Barnsley (1993), were tested.

Phonological awareness and rapid naming. Sound matching, blending and elision
and rapid colour (.78), letter and digit naming from the CTOPP (.79) were used.

Print awareness. Letter sound knowledge was tested.

Grammar. Test for the reception of grammar (TROG, Bishop, 1989; .74-.76,
depending on age) was used.

Participants

At the time of writing, analyses are available for a maximum of 627 same-sex twin pairs
recruited from the USA (355 pairs, 165 monozygotic [MZ], 190 dizygotic [DZ], mean
age 58.8 months), Australia (150, 95, 55, 57.8) and Norway and Sweden, grouped as
Scandinavia (122, 52, 70, 61.2). In this article, we include the Scandinavian sample in the
preschool analyses but exclude them from the kindergarten analyses because educational
practices in Norway and Sweden make data pooling suspect: children in those countries
are typically not taught to read during the kindergarten year, in contrast to the situation in
the USA and Australia. The maximum numbers of kindergarten pairs available are 213
MZ and 209 DZ. Zygosity was determined by DNA analysis from cheek swab collection
or, in a minority of cases, by selected items from the questionnaire by Nichols and Bilbro
(1966).

Procedure

Children were tested in their homes and/or preschools and schools. The preschool battery
was administered over 5 days, in sessions lasting around 45 minutes. The kindergarten
follow-up was administered in a single, hour-long session. Except in Scandinavia, where
this was not possible, each member of a twin pair was assessed by a different tester, at the
same time. This avoids bias that might result from knowing the zygosity of the pair.
(In the Scandinavian data, the correlations within pairs tended to be somewhat higher,
probably because of the absence of between-tester variance, but equally so for MZ and
DZ pairs, suggesting a lack of bias towards judging MZ pairs to be more similar.)
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Results and discussion
Data reduction

Our assessment battery included tests that, on the face of it, overlap in content, such as
word and phoneme blending and elision, word and nonword reading and so on. For this
reason, and because of the sheer number of measures, we sought to reduce the total
number of variables, typically via factor analysis. We have in most instances formed
latent traits using the multiple indicators yielded by the factor analyses and used these
latent traits in modelling genetic, shared environment and unique environment effects.
Latent traits model the common variance across a group of measures, producing ‘error-
free’ estimates of the construct (Gayan & Olson, 2003). For the preschool results, we also
checked whether a more direct method of determining indices of the factors, namely a
composite created by summing standard scores of the contributing measures, gave us
similar model results, and they did (Samuelsson et al., in press).

The logic behind the twin design and a description of the primary methods of analysis
are provided by Nation (2006, this issue). In this report, we provide information about the
analytic methods that we used that are less well known.

Preschool phase

Prereading skills. Exploratory factor analysis of the cognitive and linguistic measures
yielded four interpretable factors, accounting for 53.6% of the total variance. The factors
and their contributing individual measures were general verbal ability (the two
vocabulary measures, WPPSI sentence memory, WRAML story memory, nonword
repetition, productive morphology and grammar [ITPA]), phonological awareness (all of
the measures listed in Methods under phonological awareness except for word blending,
which was subject to a strong ceiling effect), rapid naming (the two rapid naming tests)
and print awareness (all of the measures listed in Methods under print awareness except
for the Woodcock word identification test, excluded because of floor effects). We elected
to further divide general verbal ability into verbal memory (sentence memory, story
memory and nonword repetition), vocabulary (HPNT and WPPSI vocabulary) and
grammar/morphology (productive morphology and the ITPA subtest). See Samuelsson et
al. (in press) for a justification of this subdivision.

We present estimates of additive genetic (a®), shared environment (¢*) and unique
environment (ez) influences on the four major latent traits, along with (az), (cz) and (ez)
values for the subdivided latent traits, in Table 1. For this article, we used combined data
from the three country samples (USA, Australia and Scandinavia) because the Australian
and Scandinavian samples are as yet too small to support independent genetic analyses.
For the available individual country data and for comparisons of country means, see
Samuelsson et al. (in press).

The four major latent traits all showed effects of both genes and environment, although
the mix differed. For phonological awareness and rapid naming, genes dominated the
shared environment, shared environment was the primary influence for print awareness
and there were roughly equal effects for general verbal ability. The critical contrast
between the patterns for phonological awareness and print awareness, both precursors to
early literacy growth, reached significance; phonological awareness had higher genetic
influence and lower shared environment influence than print awareness. (Note that within
the phonological awareness variable, we were unable to detect a different pattern of
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Table 1. Preschool genetic (@), shared environment (¢?) and nonshared environment (e?) influences on
latent traits.

Variable a ¢ é?
General verbal ability 43 52 .06
Verbal memory .57 .29 .14
Vocabulary 32 .60 .08
Grammar/morphology 29 .59 A2
Phonological awareness .61 .30 .09
Rapid naming .64 A1 25
Print awareness .23 .68 .10

Note: All estimates are significantly greater than 0 (p<.05) except the rapid naming 2.

influence for the phoneme training variable and scores based on the more ‘static’ tests,
even though there was a tendency for genes to be more influential in the static tests,
contrary to our initial hypothesis that the phoneme learning routine would tap genetically
driven factors more substantially. The training variable showed relatively high nonshared
environment effects, suggesting lower reliability, a situation that may lead to
underestimates of both genetic and shared environment effects.)

Although general verbal ability was affected both by genes and shared environment in
about equal measure, the subcomponents did not all fit this pattern. Verbal memory was
more influenced by genes than the other components, and vocabulary and grammar/
morphology by shared environment. The contrast achieved significance in the case of
verbal memory and grammar/morphology, and with planned larger samples we will
determine whether vocabulary also contrasts with verbal memory. One interesting aspect
of this result is that under criteria normally used in factor analysis to group measures into
factors (e.g. by inspection of the factor loadings — see Samuelsson et al., in press, for the
details in our data), there were no compelling reasons to further subdivide the overall
factor; nevertheless, the subcomponents showed different patterns of genetic and
environmental influence. Thus, latent traits capture what is common across constructs but
there are still reliable sources of variance that are not common. Another aspect of interest
is that these verbal components have all been shown to be related to reading ability, often
in predictive studies with quite young children (e.g. Scarborough, 1998), suggesting a
role for both genes and environment, in different mixes, among foundations of literacy
growth. Of course, this conclusion is also warranted from the contrast among the four
major latent traits that we used for these analyses, for instance from the one between
phonological and print awareness.

Home literacy environment. Factor analysis of the two home literacy questionnaires
yielded a four-factor solution accounting for 46.5% of the variance. Factor 1 was labelled
Shared Book Reading, identified by questions about parent- and child-initiated book
reading. Factor 2 was labelled Letter-Based Activities, with questions about alphabet
games and writing and reading attempts by the child. We called the third factor Print
Motivation, defined by questions about the child’s lack of interest in reading sessions.
Factor 4, Parent Reading Behaviour, reflected amounts of reading by parents and of
reading material available in the household.

These home literacy variables were related to certain between-country differences
noted in the samples. For instance, Scandinavian parents’ own reading behaviour was
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Table 2. Correlations among composite scores of home literacy environment and prereading skills.

General verbal Phonological Rapid Print

ability awareness naming awareness
Shared book reading 31 .23 —.09 44
Letter-based activities .16 15 —.15 32
Print motivation 29 22 —.09 .26
Parent reading behaviour 19 14 —.09 .20

Note: Correlations above .19, p <.05; correlations above .25, p<.01.

similar to that of the other countries but the amount of shared book reading and letter-
based activities was substantially less. These differences, grounded in cultural practices
such as a tradition in Norway and Sweden not to subject children to formal or informal
literacy instruction in the home during the preschool years, probably explain the lower
levels of letter and print awareness noted in our data (see Samuelsson et al., in press, for
details).

In Table 2, we present the correlations among the home literacy factors and the four
major preliteracy composites. Although the correlations among these variables and the
prereading skills of the children are mostly significant, they are not particularly
substantial. The highest correlation is between shared book reading and print awareness,
at .44. Thus, even our ‘best’ variable only accounts for 19% of the variance in print
knowledge, itself subject to quite high shared environment effects (¢* = .68). Thus, we
are a long way from identifying the major source(s) of the shared environment that drives
print knowledge, and much the same goes for other preliterate skills.

Multivariate analyses. Multivariate extensions of analyses from the basic twin design
permit examination of the degree to which genetic and environmental influences are
common to more than one measure. For example, we can question whether the same
genes appear to be involved in two variables that are each genetically affected. Table 3
presents the genetic and shared environment correlations among the four major latent
traits identified in our preschool data. It can be seen that for all four variables, there is
substantial genetic and shared environment overlap, indicating the presence of genetic
and shared environment influences that are common to these traits. Note that these
correlations are, to a degree, independent of the actual levels of genetic and shared
environment influences on the individual traits. For instance, even though the heritability
of print awareness is relatively low (¢ = .23) in comparison with phonological awareness
(a2 =.61), their genetic correlation is substantial at .68.

It is not known which of the chromosomal regions so far identified as contributing to
reading ability (Fisher & DeFries, 2002), if any of them, are the sources of the genetic
correlations. In addition, we do not yet have a clear picture of common environment
sources for the shared environment correlations, although we expect that further
exploration of our substantial database will shed light on this question.

It is important to note that the data in Table 3 do not indicate that there are no
independent genetic and environmental influences on the traits, as the genetic correlations
are less than 1. Another analytic technique, Cholesky decomposition (Neale, Bokor, Xie
& Maes, 2002), has revealed significant independent effects as well (Samuelsson et al., in
press; see below for a more complete example of a Cholesky decomposition). The
Cholesky procedure is similar in principle to hierarchical regression in nongenetic
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Table 3. Genetic (above diagonal) and shared environment (below diagonal) correlations for preschool
general verbal ability (GVN), phonological awareness (PA), rapid naming (RN) and print awareness
(PRINT).

Latent trait 1 2 3 4
1. GVN - 62" 43" 56"
2. PA 94" - 35" 68"
3.RN 57" 78" - 35"
4. PRINT 67" 86" 74" -
Note: "p<.05.

Table4. Model fitting estimates for kindergarten latent traits.

Variable a* A2 &

Reading 70" 22" 07"
Spelling 39" 40" 20"
Phonological awareness 63" 28 10"
Rapid naming 60" 17 23"
TROG 21 40" 40"

Notes: TROG, Test for Reception of Grammar. This variable is a single score.
“Indicates that component cannot be dropped without significant loss of fit, p<.05.

studies, where the independent contribution of a predictor is assessed after the
contributions of other predictors with which it shares variance are taken into account.
Using this analysis, we found for instance that phonological awareness, rapid naming and
print awareness are each subject to independent genetic influences after that shared with
general verbal ability is removed — see Table 8 in Samuelsson et al. (in press). This
second genetic factor affecting phonological awareness also affects print awareness but
not rapid naming. For shared environment, there is a second source that affects all three
variables independent of the source shared with general verbal ability, but no other
sources. The picture that emerges from these analyses will guide the search for genetic
and environmental factors, at least to the extent of identifying how many factors we need
to be looking for.

Kindergarten phase

Univariate analyses. We subjected the kindergarten data to factor analysis and identified
three factors, one that included the reading, spelling and phonological awareness
measures, a second with the three rapid naming tests and a third based on the TROG (see
Methods for a description of all measures). For the behaviour-genetic analyses, we
subdivided Factor 1 into reading, spelling and phonological awareness measures to check
on possible differential patterns of influence, and modelled them and rapid naming as
latent traits. The TROG, as a single variable, was not treated as a latent trait. The results
of these analyses are presented in Table 4. Reading, phonological awareness and rapid
naming are substantially affected by genes, spelling by genes and shared environment in
equal measure and the grammatical test largely by shared and nonshared environment.
The a” value of .70 for reading is close to that obtained for older school children (Gayan
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Table 5. Cholesky model of additive genetic (A), shared environment (C) and unique environment (E)
factor loadings on kindergarten variables.

Variable Factor
Al A2 A3 A4

PA 81"

RN 34" 617

READ 59" 34" 51"

SPELL 59" —.02 29" .10
Cl1 c2 C3 Cc4

PA 517

RN 47" 17

READ 42" —.17 .00

SPELL 63" 07 .00 .00
El E2 E3 E4

PA 28"

RN 27" 43"

READ 26" .00 —.05

SPELL 32" —.01 — .07 23

Notes: PA, phonological awareness; RN, rapid naming; READ, reading; SPELL, spelling.
“Indicates that component cannot be dropped without significant loss of fit, p<.05.

& Olson, 2003; Harlaar, Spinath, Dale & Plomin, 2005), showing that just about as early
as children can be reliably assessed for isolated word and nonword reading, they are as
subject to genetic influence as they will remain throughout school. The findings for
phonological awareness and rapid naming are in line with results from the preschool
phase, as is the TROG, whose preschool counterpart is the IPTA and morphology, both
less affected by genes than shared environment. See Byrne et al. (2005) for further
details, including twin correlations for individual tests.

Multivariate analyses. In Table 5, we present a previously unpublished Cholesky
decomposition for the two literacy variables, reading and spelling, and the two variables
traditionally considered in relation to them, phonological awareness and rapid naming
(we will include the TROG in subsequent analyses when we incorporate reading
comprehension, from the second follow-up phase). The order of entry of the variables, as
in hierarchical regression, is guided by background empirical observations and current
conceptual issues, in this case primarily by the specificity and covariation of genetic and
environmental influences on reading and spelling skills after the effects shared with
phonological awareness and rapid naming have been partialled out.

To illustrate how to interpret Table 5, consider the genetic path coefficients. The first
genetic factor, A, has significant loadings on each of the four latent traits indicating a
common source of genetic variation, including for reading and spelling. The loading of
.61 for factor A, on rapid naming indicates that this variable is subject to a second source
of genetic variance, and this source also affects reading (loading of .34), although less so
than factor A; (loading of .59). However, this second genetic factor does not exert an
influence over spelling, which is independent from its influence on reading (loading of
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—.02). The loading of .51 of A3 on reading indicates a separate source of genetic variance
for reading, and it also affects spelling to a more modest extent. There is no independent
genetic influence on spelling, and thus the entire genetic variance in our spelling measure
is shared with phonological awareness and reading.

The pattern for shared environment indicates that a single source, Cy, determines all of
the effect, with all other paths being nonsignificant. In other words, in contrast to the
genetic pattern, where three independent sources of variation exist for these four latent
variables, just one shared environment factor appears to be in operation. At this stage, we
are unable to specify its nature, although the data that we have collected on family
literacy, SES and so on may help us to do so in future analyses.

The picture for nonshared (unique environment) is as follows: there appear to be
modest effects of a single source, E, on all four variables, and a separate source for rapid
naming but not for reading and spelling. The fact that E; influences all variables is
interesting: recall that all tests were given in a single session, and thus the individual
child’s attentional set may be at work, and because each child was assessed by a different
tester, we cannot dismiss tester effects. Other than this, we have no suggestions to offer as
to what the source may be. Information that we have on factors that may differentiate
within twin pairs, such as medical histories, birth order, birth weight, the school situation
and so on, may shed light on this. Note, however, that the physical variables listed above
would be expected to show effects continuous across time, and we have not found
continuity in nonshared environment effects in the longitudinal analyses.

In summary, individual differences at kindergarten in phonological awareness and
rapid naming appear to be driven by two genetic sources: one that they share and the
other that primarily influences rapid naming. Both sources affect word and nonword
reading efficiency, but only the shared path affects spelling accuracy. A third genetic
factor influences reading independent of the other two. A single-shared environment
factor apparently influences all four of these literacy-related kindergarten measures, as
does a unique environment factor. Rapid naming is also influenced by a separate unique
environment source, but reading and spelling are not. Further analyses are required to
clarify the nature of these environmental factors.

Longitudinal analyses. The Cholesky decomposition model allows us to examine
continuity and change in genetic and environmental factors affecting measures at two or
more time points. The measures can be the same variable or different variables at the test
occasions. In Table 6, we present such an analysis for the phonological awareness latent
trait based on a total of 547 twin pairs at preschool and 422 at kindergarten. There is both
genetic continuity and change. Path Al is significant for both phases, and Path A2
is significant for kindergarten, indicating that the new genes begin to affect this construct
in kindergarten. (The values in Table 6 are very close to those in Table 5 of Byrne et al.,
2005, based on fewer twins, but Path A2 did not reach significance in the earlier report.)
Shared environment is only influential at the preschool phase, showing that most of the
reliable variance in phonological awareness is genetically driven by the time children
reach the end of their first school year. This pattern of genetic change and continuity was
also evident with rapid naming in the progression from preschool to school (Byrne et al.,
2005). Genes for the preschool measure were also in evidence in kindergarten, but an
independent source came into play at the second time point. In assessing rapid naming,
we used colour and object naming in preschool and colours, letters and digits in
kindergarten, and it is likely that the new genetic influence was associated with the new
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Table 6. Cholesky model of additive genetic (A), shared environment (C) and nonshared environment (E)

factor loadings on phonological awareness latent variable at preschool and kindergarten.

Variable Factor
Al A2
PAl 82"
PA2 65" 55"
Cl 2
PAl 56"
PA2 27 37
El E2
PAIl 13
PA2 25 .00

Notes: PA1, PA2, phonological awareness at preschool, kindergarten.
“Indicates that component cannot be dropped without significant loss of fit, p<.05.

Table 7. Cholesky model of additive genetic (A), shared environment (C) and nonshared environment (E)
factor loadings for preschool print, phonological awareness and rapid naming and kindergarten reading.

Variable Factor
Al A2 A3 A4

PRINT1 47"

PAl 61" 50"

RN1 41" —24 58"

READ 72" - .08 —.09 41
C1 c2 C3 Cc4

PRINT1 85"

PAl 52" 28"

RN1 24" 40" .09

READ 317 —.04 36 .00
El E2 E3 E4

PRINT1 23"

PAl 16" 03

RN1 13 20 40"

READ 15" - .20 —.08 .00

Notes: PRINTI, preschool print awareness; PAI1, preschool phonological awareness; RN1, preschool rapid
naming; READ, kindergarten reading.
“Indicates that component cannot be dropped without significant loss of fit, p<.05.

items because when only colours were analysed at both phases, only a single genetic
source was detectable (Byrne et al., 2005).

To illustrate a longitudinal analysis with different variables, in Table 7 we present a
Cholesky model of preschool print awareness, phonological awareness and rapid naming
and kindergarten reading. This complements Table 6 in Byrne et al. (2005), which did not
include rapid naming (and was based on fewer twins). A single genetic source influences
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all variables, a second source affects phonological awareness but not rapid naming or
kindergarten reading and a third source influences rapid naming but not, again, reading.
The fourth genetic path to reading does not achieve significance on this sample size, but
its value of .41 suggests that with a larger sample, currently being assembled, this might
change. Thus, reading ability at the end of the first year of school is affected by genes that
also affect the two preschool foundations for literacy of letter and book awareness and
sensitivity to phonological structure as well as verbal fluency as tapped by rapid naming.
It is also possibly affected by a second, independent genetic source. (Byrne et al. also
explored the independent genetic influences on reading from preschool print awareness
and phonological awareness on reading by reversing their order in two Cholesky models:
print had a significant independent genetic influence on reading, but phonological
awareness did not.)

A single shared environment factor affects all variables, and a second source influences
phonological awareness and rapid naming. There is one nonshared environment source
affecting all variables and a second specific to rapid naming.

General discussion

Levels of reading skill, from superior to deficient, are known to be affected by genetic
variation in school children and adolescents, as well as by the kinds of environmental
factors that twins share (family, school, for example). With this longitudinal project, we
have begun to trace these genetic and environmental factors as they operate from before
formal schooling and onwards into the school years. We have shown that processes
known to predict later literacy growth are already subject to substantial genetic influence
at the preschool level — including phonological awareness, rapid naming and verbal short-
term memory. Other factors also show a degree of genetic influence, but more the effects
of the home/preschool environment — including vocabulary, print knowledge and the
higher-order language processes of morphological and syntactic control. There are both
genetic and shared environment correlations among our preschool measures, indicating
aetiological overlap. But the overlap is not complete, with evidence also emerging of
independence. For instance, phonological awareness and rapid naming are subject to
genetic effects not shared with general verbal ability (Samuelsson et al., in press).

The fact that genetic effects emerge prior to schooling and therefore prior to the point
at which reading levels are beginning to settle in children tells us that they are not
secondary consequences of genetic determination of these reading levels, known to be
substantial. This enhances the case for treating these processes as part of the causal chain
in reading ability.

We have measured aspects of the home literacy environment, and, like others, have
identified significant correlations between this environment and preschool abilities and
insights. But we cannot be said to have accounted for substantial portions of the variance
in those preliteracy skills. This is a particular gap in our understanding of those variables
that we have also shown to be largely determined by the overall early home and
preschool environment, letter and print knowledge, for example. Of course, the home
environment may also be linked genetically to the twins’ performance because parents
both shape the environment and furnish their children’s genes.

By the time children have completed their first school year, efficiency of word (and
nonword) identification is largely heritable, as it is destined to remain throughout
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schooling. Shared environment effects are also at work. Spelling, too, shows effects of
genes, and in this case the environment that the twins share plays a more substantial role.
As was the case at preschool, phonological awareness and rapid naming were
significantly heritable, and our measure of grammar, the TROG, was more affected by
shared environment. Among the literacy variables and those close to them (phonological
awareness and rapid naming), there were genetic dependencies and independencies
similar to those found in studies with older children (Compton, Davis, DeFries, Gayan &
Olson, 2001): rapid naming accounted for a significant genetic influence on reading after
controlling for phonological awareness, and reading was subject to a genetic effect
independent of the genes that affect phonological awareness and rapid naming (as well
as sharing genes with those traits), but spelling was not; once genetic influences on
phonological awareness and reading had been factored out there was no independent
genetic source for spelling. The presence of an independent genetic influence from rapid
naming on reading, but not spelling, may be at least partly because of the speed demands
in the word and nonword reading efficiency tasks, a demand that was not present for
spelling.

Genetic and environmental continuity and change were evident in longitudinal
analyses tracking the children from preschool to kindergarten. Phonological awareness
and rapid naming each were subject to a genetic factor spanning both years and to a new
one emerging in kindergarten (although the composition of the trait for rapid naming had
changed across the two phases with the introduction of letters and digits at follow-up).
When kindergarten reading was considered in conjunction with the preschool measures of
phonological and print awareness and rapid naming, a common genetic source for all
except rapid naming emerged, and although phonological awareness and rapid naming
were both subject to genetic influence separate from that shared with reading, this second
source did not in turn influence reading in school. (We have not yet conducted these
analyses with kindergarten spelling.) Thus, reading is only affected by genes for
preschool phonological awareness that are shared with print knowledge, and not at all by
genes for preschool rapid naming. We noted the former of these findings in Byrne et al.
(2005), and return to it below. The latter is new for this report, and presents an apparent
paradox because in the multivariate analysis restricted to the kindergarten variables
(Table 5), we found a significant genetic relationship between rapid naming and reading
(see Path A2). The paradox is probably solved, however, by the earlier observation that
the genetics of rapid naming changes in kindergarten with the introduction of letters and
digits to the test items. Apparently, it is these genes that affect reading rather than the
ones operative for the preschool version of the ‘same’ test.

Returning to the situation with phonological and print awareness, we found
phonological awareness to be highly heritable in preschool, significantly more so than
print awareness; yet, only the genes it shares with print awareness appear to affect
kindergarten reading, and then quite substantially (a loading of .72 on reading in Path A1,
Table 7, can be squared to yield a heritability value of .52, the majority of the total
heritability of reading). So even though the print variable is itself relatively modest in
terms of genetic influence (a* = .23, see Table 1), the effects of these genes ‘amplify’
later in school to drive a considerable part of the genetic effect on reading, and the more
highly heritable phonological awareness exercises less genetic influence on reading, and
no influence independent from that for print awareness.

The shared environment effect on reading in school is continuous with that of the
preschool variables included in the longitudinal analysis (Table 7), and there does not
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appear to be a separate ¢> source emerging in school for reading. Later and larger samples
may alter this picture, but it is clear that the environment provided by home and preschool
carries over to reading in school, even if to a modest extent (loading of .31 in Path C1,
Table 7). We expect, in later analyses, to be able to better identify the full range of shared
environment processes that drive these effects.

Implications

What are the implications for this research, ours and its predecessors with older children,
for education? What messages should educators take away from the findings? First,
consider the situation if the research had not been conducted. Imagine, that is, that we
knew that reading problems ran in families but not that shared genes were part of the
story. It is hard to be sure about this, but if Pinker (2002) is correct in his characterisation
of psychology still being largely under the sway of the Standard Social Science Model,
with its emphasis on environmental determination of behaviour, the bias would be to look
for environmental causes. When combined with evidence that children’s reading levels
tend to settle quite early in their school careers (Byrne, Freebody & Gates, 1992;
Freebody & Byrne, 1988; Juel, 1988) and that family practices do make a difference,
parents would be natural targets for blame in cases of reading failure. In many, probably
most, cases, this would be without justification.

Still, to many, identification of a genetic component in a disorder means that little, or
nothing, can be done in its amelioration. But this, in principle, is wrong, as successful
dietary intervention for the genetic metabolic disorder phenylketonuria shows. More
directly, there is evidence that early and focused intervention for potential reading
disorders in children with family histories of dyslexia can lead to grade-level performance
in the early school years (Hindson et al., in press). So rather than leading to despair,
research of this kind better serves as a stimulus to early and sustained intervention.

More generally, behaviour-genetic studies of this sort focus on individual differences,
not average levels of performance. If the children in the research we have reviewed had
all been reading at much higher levels such that none were hampered in school by
inefficient reading, the pattern of differences could still be as heritable. So nothing in this
research means that the search for better ways to teach reading is futile. On the contrary,
the findings should act as a spur to continued research, to adoption of the best evidence-
based teaching practices and to early identification of children at risk for reading
disability.
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