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Abstract
The development of reading skills in typical students is commonly described as a rapid growth
across early grades of active reading education, with a slowing down of growth as active
instruction tapers. This study examined the extent to which genetics and environments influence
these growth rates. Participants were 371 twin pairs, aged approximately 6 through 12, from the
Western Reserve Reading Project. Development of word-level reading, reading comprehension,
and rapid naming was examined using genetically sensitive latent quadratic growth curve
modeling. Results confirmed the developmental trajectory described in the phenotypic literature.
Furthermore, the same shared environmental influences were related to early reading skills and
subsequent growth, but genetic influences on these factors were unique.

Reading ability is an essential foundation of all other academic skills (National Reading
Panel, 2000). Consequently, understanding the developmental course and successful
acquisition and application of reading skills has important academic and clinical
implications. If beginning readers do not develop into mature, fluent, and comprehending
readers, there are serious lifelong implications, including a greater likelihood of high school
dropout, increased substance abuse, and greater incidence of behavior problems (Lyon,
2002; Morgan, Farkas, Tuffs, & Sperling, 2008; Snow, Burns, & Griffin, 1998).

Reading skills in kindergarten and first grade are often significant predictors of later reading
skills, and are also associated with the rate of change in reading skill (Butler, Marsh,
Sheppard, & Sheppard, 1985; Cunningham & Stanovich, 1997; Schatschneider, Fletcher,
Francis, Carlson, & Foorman, 2004; Wagner & Torgesen, 1987). Although average patterns
of development are observable, research has also demonstrated that there is considerable
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variability in the initial reading level when children begin formalized instruction, and also in
the rate of subsequent growth (Parrila, Aunola, Leskinen, Nurmi, & Kirby, 2005). Research
has identified several constructs that influence the variability in children’s reading skills,
including environmental influences such as socioeconomic status (Reardon & Robinson,
2007), the type and quality of teacher instruction (Connor et al., 2009), and parental beliefs
and behaviors (Phillips & Lonigan, 2005). Cognitive measures such as phonological
awareness (Wagner & Torgesen, 1987) and letter knowledge (Scanlon & Vellutino, 1996)
have also shown significant relations with reading ability, for both concurrent and predictive
measurement (Schatschneider et al., 2004).

In general, growth in reading skills from early reading to mature, fluent reading has been
found to be fastest during the early grades, and relatively slower after third grade (Foorman,
Francis, Fletcher, Schatschneider, & Mehta, 1998). More specifically, a study by Hill,
Bloom, Black, and Lipsey (2007) obtained the effect size of annual expected gain at each of
13 years of school by averaging across seven nationally normed reading tests. The average
expected gain was very large in kindergarten (d = 1.52) but shrank to a moderate effect size
by early elementary school (d = 0.60 in Grade 2) and to an even smaller effect size by
middle school (d = 0.23 in Grade 6). By Grade 11, almost no yearly gains were expected on
standardized reading tests (d = 0.06; Hill et al., 2007). Although this study only provides
cross-sectional evidence, it implies that there are changes in reading (and growth in reading)
such that the growth rate of reading slows down as children age.

Other studies have approached the question of reading development using growth models.
These studies have demonstrated individual differences in the growth rates of children’s
reading (and related component) skills (Foorman et al., 1998; McCoach, O’Connell, Reis, &
Levitt, 2006; Skibbe et al., 2008). Research also suggests that individual differences in
student reading growth are related to both cognitive and environmental influences (Foorman
et al., 1998; McCoach et al., 2006; Nye, Konstantopoulos, & Hedges, 2004; Torgesen,
Wagner, Rashotte, Burgress, & Hecht, 1997; Torgesen et al., 1999).

Reading ability and development have also been studied in the quantitative genetics
literature. Quantitative genetics studies have established that variance in reading ability,
reading disability, and their underlying skills (such as vocabulary, phonological awareness,
decoding, and fluency) are significantly influenced by both genetics and the environment
(Byrne et al., 2005; Petrill, Deater-Deckard, Thompson, DeThorne, & Schatschneider,
2006b; Stevenson, Graham, Fredman, & McLoughlin, 1987). Recent quantitative genetics
studies have also begun to examine how genetic and environmental attributions to variance
in reading ability (and its underlying skills) vary as children get older and become more
fluent readers (Betjemann et al., 2008; Byrne et al., 2007; Harlaar, Dale, & Plomin, 2007;
Petrill et al., 2007; Wadsworth, DeFries, Olson, & Willcutt, 2007). For example, reading
fluency has been shown to demonstrate a consistently significant influence of genetics
across developmental ages, while phonological awareness has shown an increasing
proportion of variance attributable to genetics as children get older (Byrne et al., 2005;
Petrill et al., 2007). Other studies have directly assessed the stability of reading over time,
and these studies suggest the variance in reading skill stability is primarily attributable to
genetic effects, with some shared environmental influences, particularly in early reading
(Betjemann et al., 2008; Byrne et al., 2007; Harlaar et al., 2007; Petrill et al., 2007;
Wadsworth et al., 2007).

To review, the phenotypic reading development literature suggests that substantial
individual differences in growth exist, and these growth rates are predicted from, and
influenced by, indices of the learning environment. At the same time, behavioral genetic
studies suggest that the majority of the variance in reading outcomes is attributable to
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significant genetic effects, and these effects are stable over time. These two results appear to
be at odds with each other. To elucidate this question, it is necessary to combine the two
approaches: to examine the behavior genetic influences in the development of reading skills
over time.

To date, only one study has examined the genetic and environmental influences on
children’s reading growth. Petrill et al. (2010) examined the growth in several early reading
skills at ages 6, 7, and 8 using latent growth curve models. As expected from the larger
quantitative genetic literature, the authors found significant genetic and environmental
influences on reading skills of children at age 6. This study also demonstrated that the slope
(or rate of change) was influenced by both genetic and environmental factors for
phonological awareness and rapid naming, but only by the shared environment for letter
identification, word identification, and phonemic decoding (Petrill et al., 2010). However,
there were several shortcomings. First, Petrill et al. included three measurement occasions,
and thus could not estimate the curvilinear growth trajectory of reading, as suggested by the
phenotypic literature. More important, Petrill et al. focused on early reading skills, and thus
did not examine a broader span in which reading skills are acquired and consolidated.
Finally, because of the focus on early reading, Petrill et al. did not examine growth in
reading comprehension, which is the ultimate goal of reading acquisition.

For this reason, this study expands upon the work of Petrill et al. (2010) to conduct the first
quantitative genetic analysis of the growth of reading skill from early elementary school into
early adolescence. This is important as this developmental period covers a span of schooling
from early intensive reading instruction to instruction not focused on reading but instead on
using reading to learn other subjects (Chall, 1983). Using a twin sample, which allows for
the general description of the genetic and environmental influences during this key
developmental period, we will be able to understand the etiology of the trajectories of
developing readers from preschool through fifth grade. Furthermore, the current study is the
first to assess the genetic and environmental influences of growth in reading comprehension,
which is the ultimate goal of reading development. In addition, using six annual assessment
points, we will also be the first to examine the genetic and environmental influences on a
growth model of academic skill development, which allows us to model the commonly
described phenotypic pattern of a slowing down of reading development. Finally, we have
the opportunity to examine the extent to which genetic and environmental influences on the
intercept are unique from or overlap with influences on subsequent growth, which will
provide insight into the potential sources of variance that are influencing each of these
factors.

The goals of this study are to (a) examine phenotypic growth models of reading
development, including reading comprehension, across 6 years of development; (b) to
identify the extent to which genetic and environmental influences contributed to variance in
the initial level of reading, and the linear and quadratic rates of growth; and (c) identify the
extent to which the genetic and environmental influences are shared between (or unique to)
initial status with linear growth, initial status with quadratic growth, and linear growth with
quadratic growth.

Method
Participants

Participants of this study are enrolled in an ongoing longitudinal twin study in Ohio, the
Western Reserve Reading Project (WRRP). In the WRRP, pairs of twins are assessed in
their home on reading and mathematics. Six annual visits focused on reading, with an
additional supplemental visit focusing on mathematics. This mathematics visit occurred at
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the 6-month point between the third and fourth reading visits. Recruiting was conducted
through Ohio state birth records, school nomination, and media announcements. At the time
of each home visit, parents are informed of the study’s main goals and asked to consent to
their children’s participation. Children are also asked to assent to their own participation.

The data used in this study were collected during the six waves of annual home visit testing
that focused on reading skills (referred to throughout as Assessments 1–6). At the first
assessment point, twin pairs were in preschool (about to enter kindergarten, n = 82),
kindergarten (n = 155), or first grade (n = 78), and were on average approximately 6 years
old (Mage = 6.1 years, SD = 0.68, range = 5.2–7.9 years). At the sixth assessment period,
children were approximately 12 years old (Mage = 12.17, SD = 1.02, range = 10.0–14.6
years). The final number of same-sex twin pairs included 371 monozygotic (MZ; n = 158)
and 213 dizygotic (DZ) twin pairs. Although slightly negatively skewed (skew = −0.07),
parent education levels varied widely and were similar for fathers and mothers: 10% had a
high school education or less, 16% attended some college, 32% had a bachelor’s degree,
20% had some postgraduate training, and 5% did not specify. Most families were two-parent
households (92%) and nearly all were European American (92% of mothers, 94% of
fathers).

Procedure and Measures
In this study, we examined growth of reading and related skills, including rapid naming,
word identification, and nonword decoding, and higher level reading comprehension skill.
All test sessions were conducted in the twins’ home in separate rooms by separate testers,
and the total time to complete all testing was approximately 90 min per child.

Rapid naming was assessed using the Rapid Letter and Number Naming subtests from the
Comprehensive Test of Phonological Processing (Wagner, Torgesen, & Rashotte, 1999).
The rapid letter and digit naming assess the length of time required for participants to name
presented sets of letters and digits, and have high published reliability (α = .83 and α = .73,
respectively). As the Letter and Number Naming subtests were highly correlated (r = .73),
they were combined into a composite score. This was then reverse scored so that a higher
score reflected a better score. Word identification and nonword decoding were assessed with
two subtests of the Woodcock Reading Mastery Test (WRMT; Woodcock, 1987). The Word
Identification subtest requires students to recognize and read real words aloud. Published
split half reliability for this subtest is .95 (Woodcock, 1987). The Nonword Reading sub-test
of the WRMT requires participants to decode (pronounce) a list of nonwords (e.g., baf). The
published reliability for the test is .94 (Woodcock, 1987). Reading comprehension was also
assessed with the WRMT. The Reading Comprehension subtest of the WRMT requires
children to read a short passage and identify a missing key word to complete a sentence at
the end of the passage. The published median reliability for the test is .83.

Results
The primary goal of this study was to examine the genetic and environmental influences on
growth in reading skills across several years of development. First, phenotypic models of
growth were estimated. Second, latent quadratic growth models were fit in a genetically
sensitive design to determine what proportion of the variance in the initial status and rate of
change in each reading outcome was attributable to genetic and environmental components.
Finally, the model was examined to determine whether genetic and environmental
influences were shared between intercept, linear slope, and quadratic slope, or whether they
were unique.
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Prior to modeling, the subtests from the WRMT were all converted to W scores using the
WRMT scoring protocol. W scores are based on item response theory, and as a result, all
scores have equal measurement intervals (i.e., it takes the same amount of ability to move
between a score of 110 and a score of 111 as it does to move between a score of 210 and
211). W scores were not available for the rapid naming test, so raw composite scores were
used. The mean W scores and raw scores for the sample used in this study are reported in
Table 1. In addition, additive genetic estimates of heritability (h2) and shared environment
(c2) are reported for the raw scores of each measure at each time point (the method for
deriving these estimates is described in detail in subsequent sections). For example, 30% of
the variance in word attack at Assessment 1 was attributable to heritability and 58% of the
variance was attributable to shared environmental effects (Table 1).

Phenotypic Latent Growth Modeling
Typical applications of latent growth modeling occur in two phases: an unconditional phase,
wherein the goal is to identify the underlying shape of growth, and a conditional phase,
wherein the variability around the mean intercept, mean linear growth, and mean quadratic
growth is explained through the use of covariates. The unconditional phase is important
because it is well documented in the developmental literature that if the shape of growth is
not correctly defined in the unconditional phase, the results of the conditional phase are
untrustworthy and inaccurate (Raudenbush & Bryk, 2002). One hallmark of the latent
growth curve is the ability to fit individual growth curves for each participant. In other
words, a latent quadratic growth curve model can estimate an intercept, a slope, and a
quadratic slope for each participant in the study. The intercept represents each person’s
estimated score at whatever point the linear and quadratic terms are set to zero, the linear
slope represents each person’s estimated rate of change at the centering point, and the
quadratic slope parameter allowed each person’s growth trajectory to be curvilinear: to
accelerate or decelerate.

In the unconditional phase of the current study, latent growth curve modeling was used to
determine the shape of phenotypic growth. For these models, both twins were included and
potential shared family variance was ignored because such nonindependence only impacts
the standard errors of the estimates, and the main concern in these analyses identifying the
shape of growth (not identifying significant predictors of model parameters). Phenotypic
growth models were estimated separately for each reading outcome using Mplus software
(Muthén & Muthén, 1998–2004), and data from all participants were included in each
model. The shape of growth was determined through model fit comparisons. Results of the
chi-square model comparisons tests for the unconditional phase of each outcome indicated
that a model that allows for randomly varying intercepts, slopes, and quadratic terms yielded
the best fit to the data. The depiction of the structural equation model for the final
phenotypic growth model is presented in the bottom half of Figure 1. Specifically, the model
contains a latent intercept (I), linear slope (S), and quadratic slope (Q), each loading on to
the six assessment points. Because the intercept factor is similar to the intercept parameter in
a typical regression equation, each of the unstandardized loadings to this factor was fixed at
1.0. This is in contrast to the linear slope, where the loadings increase incrementally by one
at each time point, which results in the slope parameter representing the amount of change in
reading score in 1 year. The quadratic function (allowing the slope to accelerate or
decelerate) is modeled by weighting the quadratic pathways to each assessment point as
squares of the weights given to the linear pathways.

The parameter estimates for the final phenotypic growth models are presented in Table 2.
Each of the four examined reading outcomes suggested a positive linear growth term but a
significantly negative quadratic term. This indicates that while the general trend of growth
was positive across the six time points, there was also a significant deceleration effect as
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children get older (Table 2). This basic shape was the same across all four examined
outcomes. For example, the fitted estimates for growth in Word Identification have been
plotted in the Figure 2. Note that the trajectory of growth is steep in the first three
assessment points, but begins to decelerate at the older ages. Note also that the fitted
estimates presented in Figure 2 map on almost perfectly to the observed means at each
assessment point (presented in Table 1).

It is important to highlight that the reported coefficients in these models are estimated mean
intercept, linear slope, and quadratic slope values. Because an individual growth curve is
fitted for each person in the latent growth modeling process, considerable variability can
exist around each of these estimates (denoted, for one, by the standard errors around each
estimate in Table 2). The intercept and growth rates (linear and quadratic) can be correlated
with one another, but are not necessarily so. This means that the rank order of individuals on
the intercept (where they start) and the rank order for the speed at which they grow (linear
slope) and the rank order of the speed with which their individual growth rate accelerates or
decelerates (quadratic slope) are not perfectly related. For example, the negative correlation
between the intercept and slope indicates that students who began the study high on
decoding ability tended to have a slower growth rate than those who started the study with
low decoding skills. While these correlations are interesting, it is only the variance in
intercepts and slopes that is predicted from covariates during the conditional phase of model
building.

In this study, we took an alternative approach to the use of covariates to explain the
variability in intercepts and slopes. In the conditional phase of growth modeling, we used
cotwin relatedness as a predictor of this variability, which allowed us to partition the
variability in intercepts and slopes into proportions due to genetics, shared environment, and
nonshared environment.

Genetically Sensitive Latent Growth Modeling
Quantitative genetic models estimate the proportion of variance due to genetic effects by
examining how much more similar MZ (identical) twins are than DZ (fraternal) twins.
Because MZ twins share 100% of their segregating genes, the extent to which the MZ twins
are more similar than the DZ twins is an indication of the importance of genetic influences.
Because MZ and DZ twins share 100% of their shared environments (live in the same
homes, share the same parents, etc.), the extent to which MZ and DZ twins are equally as
similar to one another is an indication of shared environmental influences.

Analyses were conducted with individual-level data using Mx (Neale, Boker, Xie, & Maes,
2006). Four different models were fitted, one for each reading outcome. Although model
comparisons in the phenotypic stage indicated that a quadratic model was the best fit to the
data, that assumption was also tested in the genetically sensitive model. Results aligned and
indicated that a quadratic model, which required 10 additional paths to be estimated over the
linear model, fit the data significantly better than a linear growth model, Word
Identification, χ2(10) = 504, p < .01; Word Attack, χ2(10) = 224, p < .01; Rapid Naming,
χ2(10) = 928, p < .01; and Reading Comprehension; χ2(10) = 376, p < .01.

A visual representation of the decomposed quadratic growth model that was fitted to each
outcome is presented in Figure 1. The bottom portion of Figure 1 is the phenotypic growth
model described previously. The top portion of Figure 1 represents the genetic
decomposition of the latent intercept, latent linear slope, and latent quadratic slope factors.
Note that each of these latent variables is decomposed into genetic (A1, A2, and A3;
represented by the letter A for “additive genetics”), shared environment (C1, C2, and C3;
represented by the letter C for “common environment”), and nonshared environment (E1,
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E2, and E3) effects. In addition, path estimates were included to estimate whether the
genetic, shared environmental, and nonshared environmental influences on each latent
variable (I, S, and Q) were shared or unique. To account for age, age at Assessment 1
(centered at age 6) was modeled as a definition variable. This allowed the model to account
for age differences within assessment points while also accounting for the covariance among
the latent intercept, latent linear slope, and latent quadratic slope (Neale, Boker, Xie, &
Maes, 2006). Because intercept and growth were parameterized as latent constructs, the
random measurement error was minimized; thus, the influences in growth attributable to the
specific environment (E1, E2, and E3) was expected to be minimal. Note that the data were
also modeled with correlated cotwin errors, as is done in Reynolds et al. (2005). No
differences in the parameter estimates or significance patterns of genetic decomposition of
the growth models were observed between the model with correlated errors and the
presented model for any examined outcome.

Due to the complexity of the model, Figure 1 represents only one twin. When the model is
estimated, this model is fit simultaneously to each of two twins in a pair, and both twins are
represented with this same model. The covariance between twins is modeled through model
constraints. Specifically, paths between latent variables representing heritability are
constrained to be equal for MZ twins, but 50% for DZ twins. By contrast, paths between the
latent variables representing shared environmental influences (represented by the letter C)
are constrained to be equal within each twin pair. Petrill et al. (2010) presents a graphical
depiction of a more basic growth model, which includes a detailed view of the cotwin
constraints.

The estimated proportions of variance in the intercept, linear slope, and quadratic slope are
presented with confidence intervals in Table 3. The results of the quadratic growth models
suggested significant genetic, shared environmental, and nonshared environmental
influences on the intercepts of each measured reading outcome (Table 3, columns 1, 2, and
3). There were also significant genetic influences present for the linear slope of Word
Identification, Word Attack, and Rapid Naming. Shared environmental influences on the
linear slope were significant for all four examined outcomes. In addition, both Reading
Comprehension and Rapid Naming showed significant nonshared environmental influences
on the linear slope. Finally, the pattern of significance for the decomposition of the quadratic
slope was the same as that of the linear slope (Table 3, columns 7, 8, and 9).

Prior to examining the overlap in genetic and environmental influences on the intercept and
slopes, we first acknowledge that a larger proportion of estimated variance of the intercept
(centered at Assessment 1) is attributable to shared environment than would be expected
from previous studies. To investigate, we fit five additional growth models for Word
Identification recentering the intercept to each assessment time point. The resulting
proportions of variance on the intercept from the reanalysis are presented in Figure 3, with
each bar representing the results of a different analysis. In Figure 3, the total height of the
bars represents the total variance in the intercept at each assessment, which substantially
decreases over time. Turning to the proportions of variance in Figure 3, the amount of
estimated variance due to genetic factors (labeled A) does not substantively change at each
assessment point. In contrast, the amount of variance due to shared environment (labeled C)
is smaller at each assessment point. As a result, the proportion of total variance attributable
to genetics (the heritability) increases at later assessments (from about 35% at the first
assessment to about 95% by the sixth assessment). Therefore, the observed increase in the
proportion of variance attributable to heritability at later waves is not due to the emergence
of additional genetic effects, but due primarily to a decrease in total variance, driven by a
decrease in the amount of variance accounted for by the shared environment.

Logan et al. Page 7

Child Dev. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Genetic and Environmental Contributions to the Overlap Between Intercept and Slope
It was also of interest to determine whether the genetic and environmental influences were
unique to, or shared between, the intercept, linear slope, and quadratic parameters.
Beginning with the genetic portions of the variance, the only significant overlap observed
was between the intercepts and slopes of rapid naming (Table 4), suggesting that the genetic
influences on children’s word-level reading, decoding, and reading comprehension at the
first assessment point were unique from those related to how quickly the students’ grew in
these skills, but that those influences did significantly overlap for rapid naming. There was
some significant genetic overlap observed between the linear and quadratic slopes for Word
Identification (−.17), Word Attack (−.47), and Rapid Naming (−.40). The direction of the
covariance was negative, suggesting that the genetic influences related to faster growth were
also associated with more deceleration of growth.

For the shared environment, there was significant shared variance observed between all
three parameter estimates for each reading outcome. Just as with the phenotypic results the
directions of these associations were negative between the intercept and linear slope,
negative between the linear slope and quadratic slope, but positive between the intercept and
quadratic slope. The significant overlap suggests that the shared environmental influences
on children’s scores at the first assessment point were also important for how quickly they
grew, as well as how much they decelerated. Finally, the significant nonshared
environmental influences for Reading Comprehension and Rapid Naming suggested that the
non-shared environmental influences on students’ skill in reading comprehension and rapid
naming were also significantly related to how quickly the students’ grew in each of these
areas.

Discussion
The first goal of this study was to identify the shape of growth in reading skills over 6 years
of development, from the initiation of formalized instruction into early adolescence. As
expected from previous work (Hill et al., 2007), the results of these models supported a
positive general trend of growth across the six assessment periods, but the significant
negative quadratic effect suggests that the growth rate slows as children get older. It is
unknown if this changing growth pattern reflects our literacy education pattern itself, in that
intensive literacy instruction drives the rapid growth, while the deceleration is temporally
linked with when explicit reading instruction is no longer provided. Alternatively, the rapid
growth followed by the deceleration could reflect a true maturation period in the
development of reading, and that our education system is best served to intervene with
younger readers to maximize the potential of more rapid growth. These possibilities can be
informed somewhat through the decomposition of the individual differences variance into
genetic and environmental components.

Turning to the relative importance of genetics on early reading skills and growth, the results
demonstrated that significant proportions of variance in estimated reading scores at age 6
were attributable to genetic influences for all four examined outcomes (Word Identification,
Word Attack, Rapid Naming, and Reading Comprehension). For the slopes, significant
proportions of variance were attributable to genetic influences for most of the examined
outcomes. The significant genetic influences on the slope of growth suggest that the growth
rate identified in the phenotypic growth model and confirmed by the genetically sensitive
growth model reflects, at least in part, a natural maturation process. We also found that for
Word Identification, Word Attack, and Reading Comprehension, the genetic influences on
the slope were unique from those on the intercept. This suggests that the genetic influences
related to how quickly or slowly a student grows in their reading skill are not the same as the
genetic influences on their skill in at the first assessment. In other words, some new genetic
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component related to growth is coming online after that first assessment wave, and it is
influencing development. In addition, the finding that genetic influences on growth are
unique from those on the intercept may indicate that different genetic factors may be
important for students who demonstrate early risk for word-level reading disability than
those students who are classified as having a reading disability because they do not make
gains as expected in response to instruction (i.e., the RTI model; Al Otaiba & Fuchs, 2006;
Torgesen, 2000).

This is in contrast to the rapid naming results, where some significant genetic overlap was
observed between the intercept and slopes. This indicates that the same genetic factors were
related to how quickly children performed the task at the first assessment point as were
related to the rate of growth and deceleration across time. Recent work suggests that fluency
may be genetically distinct from the domain being measured (Petrill et al., 2012). Thus, it is
possible that the significant overlap between the intercept and slopes for rapid naming
represents the common element of fluency (speed) of performance.

Similar to the overall genetic results, the shared environmental proportions of variance on
the intercepts (when centered at Assessment 1) and slopes were also significant for all four
examined outcomes. However, in contrast to the genetic results, the shared environmental
overlap between the intercept and linear slope was significantly negative, and that between
the intercept and quadratic slope was significantly positive. This suggests that the shared
environmental influences on the initial assessment point are also important for how students
grow in their reading skills throughout school (both growth rate and deceleration rate).
Furthermore, the directions of these relations suggest that the environmental influences on
high scores at initial assessment point were also significantly related to slower growth in
reading throughout school, and faster deceleration of growth throughout school. This is not
surprising given that students with higher reading scores are often found to grow more
slowly in those skills than students with lower initial scores; students with lower initial
scores have more room to grow (Skibbe et al., 2008). These findings highlight the
importance of early environmental influences on shaping children’s reading performance in
later years. Several phenotypic studies suggest that early environmental influences can be
causally related to increased reading performance at later grades (e.g., shared book reading;
Piasta, Justice, McGinty, & Kaderavek, 2012). These findings suggest that though
concurrently measured shared environmental factors can be important, early environmental
factors, such as the curriculum used in the kindergarten classroom, or home factors such as
the presence of books in the home or parental literacy practices could be particularly salient
for future reading performance.

However, these results must be balanced against another finding of the current study (and
the larger behavioral genetic literature) that the influence of shared environment decreases
over time. This finding may map on to the changing role of home and school environments
during the examined developmental period (Figure 3). Specifically, at school entry, much of
the variance in reading scores represents what has been occurring in the home (e.g., amount
of shared book reading, visits to the library). This is likely more variable that what occurs in
schools that often use a standardized curriculum to teach reading and reading related skills.
As students enter school, they then receive instruction in word reading, decoding, letter
recognition, and even reading comprehension. These environmental factors increase mean
reading performance across all children. As such, entry into school represents a decrease in
the variability in the shared environment, and therefore less total attribution of shared
environment to the total variance in reading (as shown in Figure 2).
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Limitations
There are several limitations to consider when interpreting these findings. First, although the
confidence intervals of the parameter estimates indicate significance from zero, most are
large and make statistical comparisons between estimates difficult. Relatedly, the large
confidence intervals observed may indicate that some nonsignificant estimates (e.g., the
genetic contribution to growth in Reading Comprehension) could be found to be significant
given a larger sample size. Second, three of the assessments, Word Attack, Word
Identification, and Reading Comprehension, demonstrated floor effects. In other words,
some students scored very poorly on these measures at the first assessment point. Because
floor effects make mono- and dizygotic twins more similar to one another, they can result in
a trait appearing to have an overly large contribution to the shared environment. These
effects are unfortunately inherent in the assessment of a skill that is just beginning to come
online and would be difficult to tease apart in future studies.

Although the model indicated that there were significant environmental influences on
children’s reading status and growth, the model used did not attempt to identify them. Future
work should seek to identify these environmental influences, and how they interact with
genetic factors. For example, future studies could directly measure the amount of shared
book reading that occurs in children’s homes. It is likely that those students with more
shared book reading would have stronger intercepts (read better) and/or slopes (grow faster)
than those students with less book reading. Direct measurement of the environment would
enhance our understanding of which environmental attributions influence growth in these
skills over time.

It should be noted that the significant shared environmental variance attributable to word
identification and word attack at the intercept was larger in magnitude than other findings
reported in the extant literature. For example, Harlaar, Spinath, Dale, and Plomin (2005)
reported a shared environmental estimate of about 20% for their sample of 7-year-old
students, and a similar proportion of variance was reported by Taylor and Schatschneider
(2010) in a large sample of kindergarten and first-grade students in Florida. The
International Longitudinal Survey of Twins (Samuelsson et al., 2008) found even smaller
shared environmental estimates, most indicating less than 10% of the variance in reading
skill was due to the shared environment. The larger attribution to the shared environment in
the estimates observed in this study could be due to the relatively wide educational range of
participants (the first assessment point contains students in entering kindergarten to first
grade). This could also be related to the comparatively strong environmental attribution
found on the slopes found in Petrill et al. (2010). The results of this study demonstrated that
the quadratic model was a more accurate representation of the true form of growth. Such an
improvement will result in parameter estimates that are more accurate. Thus, the significant
genetic and shared environmental influences observed for the growth parameters in this
study are likely a more accurate representation of these influences than those reported in
Petrill et al.

This is further evidenced by an examination of the univariate estimates at each individual
time point. At each wave of data collection, the attribution to the shared environment
declines, while the proportion due to heritability increases (Table 1). It should be noted,
however, that we included age as a definition variable in the current study, which is highly
correlated (r = .88) with months of schooling at Assessment 1 (Petrill, Deater-Deckard,
Thompson, DeThorne, & Schatschneider, 2006a).

Finally, it is very important to highlight that although our results indicate that 35% of the
variability in word identification is attributable to genetics, that does not mean that any one
person has an initial reading score that is 35% predetermined by genetics. Rather, it
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indicates that 35% of the variability in word identification scores in the present sample could
be accounted for by the extent to which MZ twins were more similar than DZ twins. These
statistics are reliant on the sample from which they were drawn, and particularly on the
environmental variability to which the sample has been exposed. Replications of the current
study are needed with large sample sizes, perhaps those selected for particular reading
levels, and wide ranges of environmental variance to best determine the proportions of
variance attributable to genes and environments in the population.

Conclusions and Future Directions
Research in the area of reading development consistently finds that reading skills show rapid
change during the first few years of development, but then that change slows considerably
(Hill et al., 2007). Variability in reading and growth in reading have been shown to be
significantly related to environmental factors (Torgesen et al., 1999). At the same time,
results from the extant behavior genetics literature have suggested that the majority of the
variance in reading is influenced by stable genetic effects. One possible reason for this
seeming disconnect in the literature is that the behavior genetics literature on reading
development has been based primarily on static time points or other basic methods of
examining longitudinal change over time. For example, behavioral genetics studies have
compared genetic and environmental contributions at multiple static time points, used
autoregressive twin models (Byrne et al., 2007; Samuelsson et al., 2008), or cross-lagged
twin models (Ebejer et al., 2010; Harlaar et al., 2007) to examine development of reading
and its component skills. In other words, the conclusion that reading development is
primarily influenced by genetics has been based on studies that do not directly model
individual student growth.

In this study, we combined these two methodological approaches. In so doing, we found
evidence consistent with both the phenotypic and quantitative genetic bodies of literature.
Our results suggested that, consistent with the behavior genetics literature, the primary
influence on the static assessment points (intercepts) was found to be genetic, particularly at
later ages. At the same time, growth in reading skills was found to be primarily driven by the
shared environment, as would be expected based on the extant phenotypic literature on
reading development. Through demonstrating this, we hope to enhance the general
knowledge and understanding of individual differences in reading growth, and to further
elucidate how phenotypic and behavioral genetic literatures complement each other.

Finally, the results of the current study have important implications for the timing of how we
may intervene in reading education. We found that the shared environmental contributions
on the slope were not unique to the slope, but overlapped significantly with the variance at
school entry. This confirms the findings in the phenotypic reading literature suggesting that
indices of the home environment are salient in early as opposed to later reading. In addition,
although significant genetic variance was found in the slopes, it was unique from that at the
static time points. Thus, children come to school with different experiences, but also with
varying genetic risk and protective factors for reading.

Untangling these contributions will involve greater integration of quantitative genetic,
molecular genetics (Hannula-Jouppi et al., 2005; Taipale et al., 2003), and educational
neuroscience. In a recent review of the literature, Poelmans, Buitelaar, Pauls, and Franke
(2011), suggested that 10 of the 14 most commonly cited dyslexia candidate genes influence
two developmental processes: neuronal migration (where neurons move) and neurite
outgrowth (how the dendrites and axons of neurons grow from the cell body). Because
molecular genetic studies typically use static (sometimes singular) assessments of reading,
the developmental timing of these candidate genes is poorly understood. Given the results of
our study, differences in the developmental course of reading may extend beyond
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differences in instruction, or differences in preexisting genetic differences that are laid down
prior to school, but may also be due to differences in genetic contributions to rate of reading
growth in school. If this is the case, then a subset of the candidate genes related to neuronal
migration and neurite outgrowth (or other processes) may affect differences in rates of
growth (the slope) whereas other candidate genes may be related to the intercept.

In addition, neuroimaging research has found that neurobiological correlates of word
recognition in reading disabled groups show perisylvian region dysfunction, including under
activation of left temporoparietal and occipitotemporal regions and greater right
temporoparietal and occipitotemporal activation as compared to typically developing readers
(Pugh et al., 2000; Richlan, Kronbichler, & Wimmer, 2009; Rumsey, Nace, Donohue, &
Wise, 1997). Importantly, these differences appear even before formalized reading
instruction begins (Raschle, Chang, & Gabb, 2011). It is possible that individual differences
in these brain regions may explain a portion of the heritability as well as the shared
environmental variance of reading outcomes. Differences in these brain regions may also be
partially explained by candidate genes related to reading outcomes. Examining the
longitudinal interrelations among brain structure and function, molecular genetics, and
quantitative genetics across the developmental course of reading growth would help address
the larger questions of how and why reading disabilities develop, and how they can be
prevented and treated in light of the substantial naturally occurring genetic and
environmental variance that children bring with them to school and experience in school.
Thus, the findings of this study suggest that there may be important, currently untapped,
avenues for identifying risk, not only for poor initial reading, but also poor reading growth,
beyond quality of the home environment and instruction.
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Figure 1.
Genetically sensitive latent quadratic growth model. I = intercept; S = linear slope; Q =
quadratic slope; ASMT1 = Assessment 1.
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Figure 2.
Phenotypic fitted growth curve of Word Identification across six waves of data collection.
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Figure 3.
Results from recentering procedure. Bars represent genetic (A), shared environmental (C),
and nonshared environmental (E) variance in the intercept when the model is centered at
each of five assessment points.
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Table 2

Phenotypic Quadratic Growth Model Estimates for the Four Examined Reading Outcomes

Intercept Linear slope Quadratic slope

Word Identification

 M 384 53 −5.6

 SE 1.65 0.83 0.12

Word Attack

 M 457 23 −2.6

 SE 0.79 0.46 0.07

Rapid Naming

 M −76 19 −2.05

 SE 1.22 0.61 0.08

Reading Comprehension

 M 439 28 −2.8

 SE 11.34 0.73 0.11
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