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Abstract. We examined the genetic and environmental contribution to the stability and
instability of reading outcomes in early elementary school using a sample of 283 twin

pairs drawn from the Western Reserve Reading Project. Twins were assessed across two
measurement occasions. In Wave 1, children were either in kindergarten or first grade.
Wave 2 assessments were conducted one year later. Results suggested substantial genetic

stability across measurement occasions. Additionally, shared environmental influences
also accounted for stability, particularly for variables more closely tied to direct
instruction such as phonological awareness, letter knowledge, and word knowledge.

There was also evidence for independent genetic and shared environmental effects,
suggesting that new sources of variance may emerge as the demands of school change
and children begin to acquire early reading skills.
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Introduction

Over the past two decades, studies have demonstrated four key findings
concerning the role of genes in reading. First, genes are important to
familial resemblance in reading ability and disability (e.g., Harlaar,
Spinath, Dale, & Plomin, in press; Pennington & Smith, 1983; Petrill,
Deater-Deckard, Thompson, DeThorne, & Schatschneider, in press a;
Stevenson, Graham, Fredman, & McLoughlin, 1987). Second, genetic
influences are important for components of reading ability such as
phonological awareness/decoding, reading comprehension, spelling,
orthographic knowledge, and rapid automatized naming (see Olson,
Forsberg, & Wise, 1994; Olson, Gillis, Rack, DeFries, & Fulker, 1991;
Gayan & Olson, 2001; Knopik, Alarcon, & DeFries, 1998; Gayan &
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Olson, 2003; Compton, Davis, DeFries, Gayan, & Olson, 2001). Third,
multivariate genetic techniques have been used to investigate the genetic
and environmental contributions to the covariance between different
dimensions of reading. These studies have shown that genetic influences
are important for the relationships among different reading skills (Gayan
& Olson, 2003, Harlaar, Dale, & Plomin, in press; Petrill, Deater-Dec-
kard, Thompson, DeThorne, & Schatschneider, in press b) as well as the
relationship between oral language and reading skills (e.g. Bishop, 2001;
Hohnen & Stevenson, 1999). Fourth, there has been progress in identi-
fying quantitative trait loci (QTLs) influencing reading difficulties and
related skills (see Fisher & DeFries, 2002; Grigorenko, 2005 for a review;
Fagerheim et al., 1999; Fisher et al., 2002; Nopola-Hemmi et al., 2001).

Given this consistent and growing literature, most researchers now
agree that genes play an important role in reading and that genes influ-
ence the relationships among reading outcomes. However, because most
studies to date have involved cross-sectional samples of children spanning
a broad age range, it is less clear how genes and environments shape the
development of reading skills. Currently, there are only three population-
based studies that have examined more narrowly-recruited samples of
young twins just learning to read: The International Longitudinal Twin
Study (ILTS) involving samples in Colorado, Australia, and Scandinavia
(Byrne et al., 2002, as well as Byrne et al., and Samuelsson et al. in this
special issue), the Twins Early Development Study (TEDS: Trouton,
Spinath, & Plomin, 2002) and the Western Reserve Reading Project
(WRRP: Petrill et al., in press a, b; the dataset analyzed in the current
manuscript). These studies have suggested significant genetic, but also
significant shared environmental influences for content-based skills such
as word knowledge (Byrne et al., 2002) and phonological awareness
(Petrill et al. in press a), a finding not reported in cross-sectional studies
of older children, which have instead shown strong genetic and negligible
shared environmental effects.

Currently, these studies have begun to employ multivariate genetic
approaches to study the relationships among reading-related outcomes at
various points in the development of reading. Cross-sectional studies
using children drawn from a wide age-range have shown that the com-
ponent processes of reading such as phonology, fluency, and orthographic
skills are correlated largely via genetic pathways (e.g., Gayan & Olson,
2001, 2003; Davis, Knopik, Olson, Wadsworth, & DeFries, 2001).
However, the multivariate relationships among reading related outcomes
may be different for younger readers. In particular, Petrill et al. (in press
b) examined the relationships among phonological awareness, rapid
naming, and reading outcomes (letter identification, word identification,
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and phonological decoding) in a sample of kindergarten and first grade
twins, finding that shared environmental influences (in addition to
genetics) contributed to the covariance among phonological awareness
and reading outcomes. Similarly, Byrne et al. (in press) found evidence
for substantial genetic overlap between phonological awareness, RAN,
and word reading efficiency, with some evidence for shared environmental
overlap.

A third approach has employed the same multivariate genetic tech-
niques to examine the longitudinal stability of reading outcomes. A
central tenet of the reading literature is that there is stability in the pro-
cesses that influence emergent and developed reading skills (e.g. Catts,
Hogan, & Adlof, 2005; Gough & Tunmer, 1986, Hoover & Gough, 1990).
However, there is also a shift in the kinds of skills that are important for
successful reading as children master reading skills (e.g. Chall, 1983; Dale
& Crain-Thorenson, 1999). Behavioral genetic designs enable the exam-
ination of the etiology of the longitudinal stability and instability of
reading skills in this developmental context. For example, stability may
be influenced by consistent shared family environmental influences in the
home or school (almost all twins attend the same school and many are in
the same classroom). Stability may also be influenced by genetic effects
that tap common processes across longitudinal assessments of reading.
Conversely, instability over time may be a function of new genes ‘‘turning
on’’ or new genes being tapped as the task demands of reading change
with grade level. Furthermore, instability over time may also be influ-
enced by new environmental demands as children acquire and master
reading skills.

There are only a few published reports examining the longitudinal
development of reading. Wadsworth, Corley, Hewitt, Plomin, and
DeFries (2002) reported substantial genetic correlations between reading
skills assessed at 7, 12, and 16 years, but this study was limited to a single
measure of reading (PIAT Reading Recognition) at each age. A more
recent study by Byrne et al. (2005), using the International Longitudinal
Twin Study sample described previously found that both genetic and
environmental influences were important for the longitudinal stability of
reading from preschool to kindergarten. In particular, a single genetic
factor influenced the relationship between preschool print knowledge,
preschool phonological awareness, and later oral reading fluency skills
in kindergarten. Similarly, a single shared environmental factor also
influenced the relationship among these variables.

The goal of the current study is to examine the longitudinal stability
and instability of reading and related skills in the Western Reserve
Reading Project. Given the results of International Longitudinal Twin
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Study (Byrne et al., 2005) we hypothesize that genetic influences will
impact the longitudinal stability of reading outcomes. However, given the
rapid development of reading skills in early elementary school, we also
leave open the possibility that independent genetic influences may emerge
over time. Furthermore, given the results of prior univariate and multi-
variate genetic studies on early reading (Byrne et al., 2002, 2005; Petrill
et al., in press a, b), we also hypothesize that shared environmental
influences on longitudinal stability will also be significant, particularly for
outcomes such as print knowledge and phonemic awareness, as opposed
to outcomes such as rapid naming. We also will examine whether addi-
tional shared environmental influences emerge as children enter and
matriculate through primary school.

Method

Participants

The current sample is drawn from the Western Reserve Reading Project
(WRRP), an ongoing, longitudinal twin study involving identical and
same-sex fraternal twins assessed across 4 measurement occasions.
Recruiting for the larger study was conducted through school nomina-
tions, Ohio State Birth Records, and media advertisements. Schools were
asked to send a packet of information to parents in their school system
with twins who have been enrolled for kindergarten but have not finished
first grade. We secured the cooperation of 273 schools throughout the
State of Ohio. Media advertisements in the Greater Cleveland Metro-
politan Area were also used to recruit additional twins. Recruiting has
been completed. DNA was collected on twins using a buccal swab
procedure to determine zygosity (see Freeman et al., 2003).

From a total of 350 pairs of twins who have been recruited for the
project, the current study is based on those twin pairs who have com-
pleted Wave 1 (n = 119 MZ, 164 DZ pairs) and Wave 2 (n = 88 MZ,
123 DZ pairs) assessments to date. In Wave 1, mean age of the twins was
M = 6.1 (SD = .70, range 4.9 to 7.9 years). Mean Stanford Binet SAS
was M = 100.4 (SD = 13.2, range 63–139). The Wave 2 home visit was
conducted within one month of the one year anniversary of the Wave 1
home visit. Mean child age at Wave 2 wasM = 7.2 (SD = .67, range 6.0
to 8.8 years). Mean Stanford Binet SAS at Wave 2 was M = 102.4
(SD = 12.4, range 66–142). Fifty-seven percent of the twin pairs were
female. Although most children were white (92%) and lived in two-parent
households (94%), there was a wide range of parental education that was
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similar for mothers and fathers. Forty-three percent of mothers and 40%
of fathers had less than a 4-year college education. Eleven percent of
mothers and 19% of fathers had a high school education or less.

Procedures and Measures

At each home visit, children completed a 90-min battery of cognitive and
reading-related outcome measures. Separate testers assessed each child in
separate rooms. The study focused on skills associated with reading:
Phonological awareness, expressive vocabulary, and rapid automatized
naming, as well as four reading outcome variables: Letter knowledge,
word knowledge, phonological decoding, and passage comprehension.
The following measures were collected at each wave of assessment.
Phonological Awareness was assessed using Robertson and Salter�s (1997)
Phonological Awareness Test. It included three subtests that measure
phonemic segmentation (whole word), and phonemic deletion (syllabic
deletion, and phoneme deletion). Given that phonological awareness has
been shown to be a unitary construct (Schatschneider, Francis, Foorman,
Fletcher, & Mehta, 1999), the three subtests at each wave were summed to
form a raw total score for phonological awareness that was then resid-
ualized for age and gender using a regression procedure. Rapid Auto-
matized Naming was assessed using the Letter Naming and Number
Naming tasks from the Comprehensive Test of Phonological Processing
(Wagner, Torgesen, & Rashotte, 1999). Letter and Number Naming were
highly correlated (r = .73) and thus were residualized for child age,
gender, and, given the age of the sample, Woodcock Reading Mastery
Test Letter Identification (Woodcock, 1987). Residuals were then
z-scored and averaged to form a Rapid Automatized Naming Composite.
This RAN composite was then reverse scored so that a high score
corresponded to faster naming speed. Expressive Vocabulary was as-
sessed using the Boston Naming Test (Goodglass & Kaplan, 2001). The
total number of correct responses was residualized for child age and
gender.

Reading outcomes were assessed using the Woodcock Reading
Mastery Test (WRMT-R: Woodcock, 1987). We used the Letter Identi-
fication to assess letter knowledge, the Word Identification subtest to
assess word knowledge, the Word Attack subtest to assess phonological
decoding skills, and the Passage Comprehension subtest to measure
reading comprehension. As described in Petrill et al. (in press b), the
number of months of school a child had completed at the time of our
home assessments correlated r = .88 with child age, and did not predict
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additional variance in reading outcomes nor did it influence univariate or
multivariate genetic estimates. All outliers beyond 3 standard deviations
were excluded from correlational and model-fitting analyses and all
variables were standardized within zygosity prior to model fitting analyses.

Results

Descriptive statistics are shown in Table 1. The average level and range of
performance are typical for samples of this kind, with mean scores slightly
above the population average. Sibling intra-class correlations, also shown
in Table 1, suggest that sibling similarity was greatest among MZ twins
(.58 to .91), followed by DZ twins (.33 to .63). Because MZ correlations
were generally less than twice the DZ correlations, these results suggest
that sibling similarity was accounted for by both additive genetic and

Table 1. Means, standard deviations, and MZ/DZ intraclass correlations for Wave 1

and Wave 2 outcomes.

Variable Mean(SD) MZ DZ

Wave 1

Phonological awareness 13.2(6.6) .76 .44

Rapid automatized naming 164.9(63.8) .58 .33

Expressive vocabulary 28.2(6.9) .75 .61

Letter knowledge 102.2(8.9) .74 .55

Word knowledge 104.1(18.4) .87 .61

Phonological decoding 103.2(12.3) .81 .53

Passage comprehension 11.1(9.0) .70 .45

Wave 2

Phonological awareness 19.0(4.9) .60 .55

Rapid automatized naming 109.9(42.2) .61 .38

Expressive vocabulary 32.8(6.9) .85 .62

Letter knowledge 100.6(8.6) .76 .63

Word knowledge 111.2(12.6) .91 .59

Phonological decoding 109.9(11.4) .72 .44

Passage comprehension 21.7(10.7) .85 .45

Note: Rapid Naming is expressed in number of seconds. Phonological Awareness,

Expressive Vocabulary, and Passage Comprehension are expressed in number of correct

items. Passage Comprehension was analyzed in this way to allow for children to receive a

score that fell below standardization cutoffs. All intraclass correlations are significant at

P<.01.
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shared environmental variance. Wave 1/Wave 2 phenotypic correlations
ranged from r = .55 to r = .80 (see Table 2), suggesting moderate to
high longitudinal stability across annual home visits.

The major goal of the study was to examine how genes and environ-
ments influence the longitudinal stability in early reading and related
outcomes. Similar to Byrne et al. (2005), a series of cholesky decompo-
sition analyses (see Neale & Cardon, 1992) were conducted for each
outcome variable. For example, as shown in Figure 1, the covariance
between Wave 1 and Wave 2 Phonological Awareness (PA) was param-
eterized using 6 latent factors. A general genetic factor (A1) was set to
load on Wave 1 and Wave 2 Phonological Awareness. If significant, ge-
netic covariance was important for the overlap between Wave 1 and
Wave 2 Phonological Awareness. A2 estimated independent genetic
variance in Wave 2 Phonological Awareness not accounted for by genes
associated with Phonological Awareness at Wave 1. Similar factors were
estimated for shared environment (C1, C2) and nonshared environment
(E1, E2). These models were run separately for each outcome variable. All
models were estimated using Mx (Neale, Boker, Xie, and Maes, 2002)
using raw data.

We first employed these models to derive univariate estimates of
heritability (h2), shared environment (c2), and nonshared environment
(e2), as well as genetic and environmental contributions to the correla-
tions between outcomes at Wave 1 and Wave 2 (see Table 3). These
estimates were calculated by multiplying standardized A, C, and E
matrices (as shown in Figure 1) by their respective transposes (see Neale
& Cardon, 1992). Ninety-five percent confidence intervals were estimated
using Mx. Those estimates not bounded by zero were statistically sig-
nificant.

Table 2. Observed correlations between Wave 1 and Wave 2 outcomes.

Wave 1 Wave 2 N

Phonological awareness .55* 397

Rapid automatized naming .56* 360

Expressive vocabulary .80* 406

Letter knowledge .58* 392

Word knowledge .59* 385

Phonological decoding .57* 391

Passage comprehension .62* 130

Note: P<.001. Sample sizes are lower for passage comprehension because many children

could not complete the task in Wave 1.
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The diagonals estimate the proportion of variance accounted for by
genetic (h2), shared environmental (c2), and nonshared environmental (e2)
influences. Univariate genetic estimates were statistically significant for all
outcome variables, ranging from h2 = .14 for Wave 2 Phonological
Awareness to h2 = .76 for Wave 2 Passage Comprehension. Univariate
estimates of shared environment were also significant for Phonological
Awareness (Wave 1, c2 = .16, Wave 2, c2 = .47), Expressive Vocabulary
(Wave 1, c2 = .40, Wave 2, c2 = .40), Letter Knowledge (Wave 1,
c2 = .38, Wave 2, c2 = .52), Word Knowledge (Wave 1, c2 = .34, Wave
2, c2 = .33), and Phonological Decoding (Wave 1, c2 = .26, Wave 2,
c2 = .21). Nonshared environmental influences (which also include error)
were statistically significant for all outcome variables.

The off-diagonals in Table 3 estimate the genetic, shared environ-
mental and nonshared environmental contributions to the correlation
between Wave 1 and Wave 2 outcomes. Put another way, the estimated
phenotypic correlation between Wave 1 and Wave 2 is the sum of genetic,
shared environmental, and nonshared environmental covariance path-
ways. For example, adding genetic (.29), shared environmental (.28) and
nonshared environmental (.00) pathways yields an estimated phenotypic
correlation of r = .57 between Wave 1 and Wave 2 Phonological
Awareness. This estimate was almost identical to the observed phenotypic
correlation of r = .55 presented in Table 2. Of this estimated correlation,

Bivariate cholesky model. 

A1 C1 E1

A2 C2 E2

Wave 1 PA Wave 2 PA 

Figure 1. Bivariate cholesky model.
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Table 3. Heritability, shared environmental, and nonshared environmental estimates, as

well as genetic, shared environmental, and nonshared environmental contributions to

the phenotypic correlation between Wave 1 and Wave 2 outcomes.

Variables Wave 1[CI] Wave 2[CI]

Phonological awareness

Estimated Wave1/Wave 2 phenotypic correlation = .57

Genetic Wave 1 0.59[0.34, 0.78] = h2 0.14[0.04, 0.39] = h2

Wave 2 0.29[0.13, 0.48]

Shared Env Wave 1 0.16[0.02, 0.40] = c2 0.47[0.23, 0.65] = c2

Wave 2 0.28[0.08, 0.46]

Nonshared Env Wave 1 0.25[0.19, 0.33] = e2 0.39[0.31, 0.48] = e2

Wave 2 0.00[0.00, 0.04]

Rapid automatized naming

Estimated Wave1/Wave 2 phenotypic correlation = .59

Genetic Wave 1 0.42[0.04, 0.73] = h2 0.43[0.07, 0.78] = h2

Wave 2 0.18[0.00, 0.48]

Shared Env Wave 1 0.15[0.00, 0.46] = c2 0.20[0.00, 0.51] = c2

Wave 2 0.17[0.00, 0.41]

Nonshared Env Wave 1 0.44[0.33, 0.62] = e2 0.37[0.28, 0.52] = e2

Wave 2 0.24[0.14, 0.37]

Expressive vocabulary

Estimated Wave1/Wave 2 phenotypic correlation = .84

Genetic Wave 1 0.38[0.20, 0.60] = h2 0.47[0.30, 0.70] = h2

Wave 2 0.42[0.27, 0.61]

Shared Env Wave 1 0.40[0.19, 0.62] = c2 0.40[0.18, 0.64] = c2

Wave 2 0.39[0.20, 0.60]

Nonshared Env Wave 1 0.22[0.18, 0.28] = e2 0.13[0.11, 0.19] = e2

Wave 2 0.03[0.00, 0.07]

Letter Knowledge

Estimated Wave1/Wave 2 phenotypic correlation = .62

Genetic Wave 1 0.35[0.14, 0.61] = h2 0.27[0.10, 0.52] = h2

Wave 2 0.31[0.15, 0.50]

Shared Env Wave 1 0.38[0.15, 0.61] = c2 0.52[0.30, 0.79] = c2

Wave 2 0.28[0.09, 0.48]

Nonshared Env Wave 1 0.27[0.20, 0.35] = e2 0.21[0.17, 0.29] = e2

Wave 2 0.03[0.00, 0.08]

Word knowledge

Estimated Wave1/Wave 2 phenotypic correlation = .61

Genetic Wave 1 0.55[0.39, 0.80] = h2 0.58[0.41, 0.81] = h2

Wave 2 0.41[0.28, 0.61]
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r = .29 (P<.05) was due to genetic stability while r = .28 (P<.05) was
due to shared environmental stability. Expressive Vocabulary (estimated
phenotypic r = .84, genetic pathway = .42, P<.05, shared environ-
mental pathway = .39, P<.05, nonshared environmental path-
way = .03, P>.05) and Letter Knowledge (estimated phenotypic
r = .62, genetic pathways = .31, P<.05, shared environmental path-
way = .28, P<.05, nonshared environmental pathway = .03, P>.05)
showed similar patterns of significant genetic and shared environmental
contributions to Wave 1/Wave 2 longitudinal stability. Word Knowledge,
Phonological Decoding, and Passage Comprehension showed significant
genetic pathways (estimates = .41, .38, and .38 respectively), nonsignifi-
cant shared environmental pathways (estimates = .17, .13, and .15
respectively), and marginally significant nonshared environmental path-
ways (estimates = .03, .06, and .10 respectively). Finally, only the

Table 3. Continued.

Variables Wave 1[CI] Wave 2[CI]

Shared Env Wave 1 0.34[0.11, 0.59] = c2 0.33[0.10, 0.57] = c2

Wave 2 0.17[0.00, 0.37]

Nonshared Env Wave 1 0.11[0.08, 0.15] = e2 0.09[.07, .12] = e2

Wave 2 0.03 [0.01, 0.05]

Phonological decoding

Estimated Wave1/Wave 2 phenotypic correlation = .57

Genetic Wave1 0.56[0.33, 0.81] = h2 0.51[0.22, 0.84] = h2

Wave 2 0.38[0.18, 0.60]

Shared Env Wave 1 0.26[0.02, 0.49] = c2 0.21[0.00, 0.49] = c2

Wave 2 0.13[0.00, 0.33]

Nonshared Env Wave 1 0.18[0.14, 0.25] = e2 0.28[0.21, 0.38] = e2

Wave 2 0.06[0.01, 0.12]

Passage comprehension

Estimated Wave1/Wave 2 phenotypic correlation = .63

Genetic Wave 1 0.50[0.02, 1.00] = h2 0.76[0.53, 1.00] = h2

Wave 2 0.38[0.08,0.70]

Shared Env Wave 1 0.21[0.00, 0.68] = c2 0.11[0.00, 0.35] = c2

Wave 2 0.15[0.00, 0.42]

Nonshared Env Wave 1 0.29[0.19, 0.53] = e2 0.13[0.10, 0.19] = e2

Wave 2 0.10[0.02, 0.20]

Note: CI = lower and upper 95% confidence intervals estimated in Mx.
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nonshared environmental contribution to longitudinal stability was sig-
nificant for Rapid Automatized Naming (estimate = .24).

By fitting submodels to the cholesky analyses described above (see
model presented in Figure 1), we also examined how genes and envi-
ronments contributed not only to stability, but also to instability between
Wave 1 and Wave 2 assessments. These submodels were fitted to each
outcome in separate analyses. The difference between )2log likelihood
()2ll) is distributed as a v2. If a submodel results in a significant decrease
in model fit, it is assumed that the parameters dropped in those submodels
are statistically significant.

First, we examined whether genetic and shared environmental overlap
between Wave 1 and Wave 2 was significant by dropping the pathway
from A1 to Wave 2 outcome (Drop W1/W2 Genetic Corr) and by
dropping the pathway from C1 to Wave 2 outcome (Drop W1/W2 ShEnv
Corr). These submodels (see Table 4) suggest a pattern of genetic and
shared environmental overlap identical to the results presented in Table 3.

We then tested whether there was significant independent genetic and/or
shared environmental variance in Wave 2. We dropped the pathway from
A2 to the Wave 2 assessment (W2 Genetic Indep), to test whether there
was significant independent genetic variance in Wave 2. We also tested
whether there was shared environmental independence at Wave 2 (Drop
W2 ShEnv Indep). Results suggested significant independent genetic ef-
fects at Wave 2 for Rapid Automatized Naming and Word Knowledge.
Independent shared environmental influences were significant for Letter
Knowledge and Word Knowledge (see Table 4).

Estimates of genetic and environmental overlap and independence
between Waves 1 and 2 are presented in Table 5. As expected from the
model fitting results, with the exception of Rapid Automatized Naming, a
statistically significant proportion of the genetic variance in Wave 2 was
accounted for by genetic variance in Wave 1. For example, 100% of the
genetic variance and 47% of the total variance in Expressive Vocabulary
in Wave 2 was accounted for by genetic influences in Expressive Vocab-
ulary in Wave 1. Independent genetic effects at Wave 2 were found for
Rapid Naming (35% of the total variance in Wave 2) and Word
Knowledge (27% of the total variance in Wave 2). Shared environmental
overlap was significant for Phonological Awareness (47%), Expressive
Vocabulary (38%), and Letter Knowledge (20%). Independent shared
environmental effects in Wave 2 were found for Letter Knowledge (32%)
and Word Knowledge (25%).

137LONGITUDINAL GENETICS



Table 4. Model fitting results: Wave 1 – Wave 2 bivariate genetic models.

Variable )2ll df v2
change dfchange P change

Phonological awareness

Full 2249.28 890

Drop W1/W2 Genetic Corr 2262.29 891 13.01 1 *

Drop W1/W2 ShEnv Corr 2263.98 891 14.70 1 *

Drop W2 Genetic Indep 2249.28 891 0.00 1 NS

Drop W2 ShEnv Indep 2249.28 891 0.00 1 NS

Rapid automatized naming

Full 2140.19 822

Drop W1/W2 Genetic Corr 2141.61 823 1.42 1 NS

Drop W1/W2 ShEnv Corr 2142.05 823 1.86 1 NS

Drop W2 Genetic Indep 2145.88 823 5.69 1 *

Drop W2 ShEnv Indep 2140.19 823 0.00 1 NS

Expressive vocabulary

Full 1879.77 890

Drop W1/W2 Genetic Corr 1909.11 891 29.34 1 *

Drop W1/W2 ShEnv Corr 1894.00 891 14.23 1 *

Drop W2 Genetic Indep 1879.77 891 0.00 1 NS

Drop W2 ShEnv Indep 1880.29 891 0.52 1 NS

Letter knowledge

Full 2157.60 886

Drop W1/W2 Genetic Corr 2171.43 887 13.83 1 *

Drop W1/W2 ShEnv Corr 2165.78 887 8.18 1 *

Drop W2 Genetic Indep 2157.60 887 0.00 1 NS

Drop W2 ShEnv Indep 2174.24 887 16.64 1 *

Word knowledge

Full 1982.53 876

Drop W1/W2 Genetic Corr 2020.57 877 38.04 1 *

Drop W1/W2 ShEnv Corr 1985.50 877 2.97 1 NS

Drop W2 Genetic Indep 1994.35 877 11.82 1 *

Drop W2 ShEnv Indep 1989.99 877 7.46 1 *

Phonological decoding

Full 2182.65 883

Drop W1/W2 Genetic Corr 2196.56 884 13.91 1 *

Drop W1/W2 ShEnv Corr 2184.08 884 1.43 1 NS

Drop W2 Genetic Indep 2186.01 884 3.36 1 NS

Drop W2 ShEnv Indep 2184.34 884 1.69 1 NS
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Discussion

The results of this study suggest that, for all variables but rapid auto-
matized naming, genetic influences accounted for a statistically significant
portion of the stability among reading outcomes. Shared environmental
influences were also responsible for the stability in phonological aware-
ness, expressive vocabulary, and letter knowledge. Moreover, indepen-
dent genetic effects at Wave 2 were found for rapid naming and word
knowledge. Independent shared environmental effects were significant
for letter knowledge and word knowledge. Finally, there was evidence for
small but significant nonshared environmental effects on stability for
rapid naming, word knowledge, phonological decoding, and passage
comprehension.

When comparing these results to the International Longitudinal Twin
Study (ILTS), it is important to note that we are limited to an exami-
nation of differential patterns of statistical significance across the two
studies. As evidenced by overlapping confidence intervals, there is insuf-
ficient power to test whether point estimates are significantly different from
one another. With this caveat in mind, results are largely consistent be-
tween WRRP and International Longitudinal Twin Study (ILTS: Byrne
et al., 2005), particularly with respect to genetic stability. One exception
was rapid automatized naming. Byrne et al. (2005) found evidence for
substantial longitudinal stability whereas we did not. This may be the
result of measurement differences between the two studies. Bryne et al.
employed a latent factor of CTOPP color, digit, and letter naming. We
formed a composite using CTOPP letter and number naming, corrected
for age, gender and letter knowledge. Despite the fact that we corrected
for letter knowledge, our rapid naming task may tap emerging automatized

Table 4. Continued.

Variable )2ll df v2
change dfchange P change

Passage comprehension

Full 1326.61 523

Drop W1/W2 Genetic Corr 1332.90 524 6.29 1 *

Drop W1/W2 ShEnv Corr 1327.62 524 1.01 1 NS

Drop W2 Genetic Indep 1329.24 524 2.63 1 NS

Drop W2 ShEnv Indep 1326.61 524 0.00 1 NS

Note: *P<.05.

139LONGITUDINAL GENETICS



processes in Wave 2 but may function as a speeded test of letter/number
identification in Wave 1. It is notable that while there was genetic insta-
bility in rapid automatized naming across measurement occasions, there
was genetic stability within measurement occasion. Genetic influences
were largely responsible for the overlap among between rapid naming,
phonological awareness, word knowledge, and phonological decoding
within Wave 1 (Petrill et al. in press b) and Wave 2 assessments (Petrill,
Deater-Deckard, Thompson, DeThorne, & Schatschneider, in prep).

In the case of the shared environment, a greater number of reading
outcomes in WRRP show statistically significant shared environmental
influences compared to the ILTS. In particular, estimates of shared
environment were not only significant in WRRP, but highly similar across
Wave 1 and Wave 2. The only exception was phonological awareness, but

Table 5. Proportion of Total Variance Accounted for by Genetic and Shared Environ-

mental Overlap and Specificity.

Wave 2 Variable Estimate Shared with Wave 1 Indepenent in Wave 2

Genetic pathway h2 = SharedWave1 + IndepWave2

Phonological awareness .14** .14* .00

Rapid automatized naming .43** .08 .35*

Expressive vocabulary .47** .47* .00

Letter knowledge .27** .27* .00

Word knowledge .58** .31* .27*

Phonological decoding .51** .26* .25

Passage comprehension .76** .28* .48

Shared environmental

pathway

c2 = SharedWave1 + IndepWave2

Phonological awareness .47** . 47* .00

Rapid automatized naming .20 .20 .00

Expressive vocabulary .40** .38* .02

Letter knowledge .52** .20* .32*

Word knowledge .33** .08 .25*

Phonological decoding .21 .06 .15

Passage comprehension .11 .11 .00

Note: *P<.05 as described by submodels presented in Table 4, **P<.05 as described by

confidence intervals in Table 3. Overlap and independence for nonshared environmental

pathways were not calculated because the independent pathway contains random error.

Despite a large point estimate for comprehension, independent genetic effects were not

significant due to the smaller sample size of twins who could complete this test at both time

points.
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in that case Wave 1 (c2 = .16) and Wave 2 (c2 = .47) estimates were not
significantly different from one another. In contrast, although Byrne et al.
(2005) found some significant shared environmental effects; evidence for
statistically significant shared environmental effects was much more
limited.

There are several possible explanations for these differences. First, the
ILTS recruited a sample of preschoolers in their first assessment who then
matriculated through grade school, so all twins were in the same grade at
each assessment. In contrast, the WRRP sample is composed of kinder-
garteners and first graders at Wave 1, who mature into first and second
graders at Wave 2. Prior analyses have shown that months of school is
highly correlated with child age in our sample (Petrill et al. in press b,
r = .88). Additionally, months of school did not affect genetic and
environmental estimates beyond child age (we always correct for age or
use age-normed variables prior to analysis). Therefore, this difference
between studies is not a likely explanation for the different results.
Another possibility is that differences in country of origin between ILTS
and WRRP result in differential genetic and environmental effects. This
topic is discussed more fully by Samuelsson et al. and Byrne et al. in this
special issue, who examine country effects in ILTS. Of particular interest,
when looking at the results of Byrne et al. and Samuelsson et al. in this
special issue, there is evidence that point estimates are similar between
WRRP and the US subsample of the ILTS. In general, there is broad
overlap across WRRP and ILTS. There is consistent evidence for genetic
influences on the longitudinal stability of reading skills and, unlike cross
sectional samples, evidence for significant shared environmental effects in
emergent readers.

It is sensible that shared environmental influences may be greater for
outcomes that are more likely to be influenced by direct instruction in the
home or school, such as expressive vocabulary, phonological awareness,
or print knowledge. Moreover, it is also sensible that shared environ-
mental influences for phonological awareness, expressive vocabulary, and
letter knowledge are stable, given that these skills are those most likely
taught (or not taught) by parents and teachers in kindergarten. It is also
notable that ‘‘new’’ shared environmental influences in Wave 2 are sig-
nificant for skills (letter knowledge and word knowledge) that are at the
core of the skills taught in primary school. Given that our 283 twin pairs
come from 273 different schools, it is possible that new sources of shared
environmental variance are emerging as the expression of between-school
differences in reading curricula.

However, despite the importance of these environmental effects, be-
tween 25% and 50% of the variance in reading skills is influenced by
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longitudinally stable genetic influences (with the exception of rapid
naming and phonological awareness). As we continue to follow the
children in the Western Reserve Reading Project sample, we will address
three issues. First, there is evidence in the larger behavioral genetic lit-
erature that shared environmental influences decline with age (see Petrill,
2005 for a review). We will examine whether shared environmental
influences remain significant in later elementary school or whether these
influences become nonsignificant once most children have mastered
decoding skills. Second, we will examine how decoding skills influence
later comprehension skills. In the current study, we found substantial
genetic and negligible shared environmental effects for comprehension.
We also found that genetic influences in comprehension at Wave 2 are
highly correlated with decoding skills (Petrill et al., in prep). However,
comprehension may be more strongly tied to decoding in a sample of first
and second graders. Furthermore, the Woodcock Reading Mastery Test
Comprehension measure may be highly dependent on decoding. What we
will examine with subsequent data is whether the genetic overlap between
decoding and comprehension gives way to genetic influences associated
with language skills as most children move from ‘‘learning to read’’ to
‘‘reading to learn’’ (Chall, 1983).

Third and finally, we will turn our attention to gene-environment
processes. Many studies have shown that reading success is associated
with reading-related knowledge and skills children have acquired prior to
coming to school (see McCardle, Scarborough, & Catts, 2001) and the
quality of the home environment during school (e.g., Molfese, Molfese,
Key, & Kelly, 2003). Our own prior research suggests that these measures
operate largely through shared environmental pathways in early child-
hood (Petrill, Deater-Deckard, Schatschneider, & Davis, 2005; Seidman
et al., 2005), but the effect sizes of these measures are generally small and
dissipate after children master decoding skills (Scarborough, 1998).

Given the importance of genetic influences and the likely dissipation of
shared environmental effects, it may be tempting to conclude that the
environment is ultimately unimportant to later reading development. Such
conclusions are not supported by the data. Because genetic influences are
important to reading and related domains, such as oral language, it is
essential to examine how genetic influences impact the probability of
coming into contact with environments associated with these skills (e.g.,
Scarr & McCarthy, 1983). Understanding these gene-environment trans-
actions is essential to quantifying how genetic influences related to reading
ability and disability are manifested not only in the phenotype of reading
but also in the environments associated with reading skills. In particular,
we will examine whether measured environmental influences on early

142 STEPHEN A. PETRILL ET AL.



reading shift from a shared environmental to a genetic etiology as children
learn to read and as the environments associated with reading become
more a function of their own reading skills.
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