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Abstract

Purpose: The authors examined the longitudinal stability of genetic and environmental
influences on children’s productive language sample measures during the early school-age years.

Method: Twin study methodology with structural equation modeling was used to derive
univariate estimates of additive genetic (A), shared environmental (C), and nonshared
environmental (E) effects on language measures at each of 2 time points, based on 487 twins
at the 1st-grade time point and 387 twins at the 2nd-grade time point. To address questions of
stability over time, the authors used longitudinal latent factor analysis.

Results: Stability in the Conversational Language factor was accounted for almost entirely by
shared genetic effects between 1st and 2nd grade, meaning no new genetic effects were observed
at the 2nd time point. In contrast, nonshared environmental effects were entirely time point
specific, meaning whatever nonshared environmental influences were operating at the first time
point were not influencing individual variation in the language factor at the second time point.

Conclusion: The discussion in this article centers on possible candidates for both genetic and

nonshared environmental effects as well as implications for clinical practice and future research.
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The present behavioral genetic study focused on examining the etiology of variance in
children’s language production within discourse as it unfolded across the early school-age
years. Despite the tendency of investigators to focus on the striking development of language
within the first few years of life, spoken language skills continue to develop during the

early school-age years, including diversification of vocabulary (cf. G.A. Miller & Gildea,
1987; J. F. Miller, Freiberg, Rolland, & Reeves, 1992; Nagy, Herman, & Anderson, 1985),
derivational morphology (e.g., Nippold & Sun, 2008), and complex syntax (Eisenberg

et al., 2008; Rice, Redmond, & Hoffman, 2006; Scott, 1984; Scott&Stokes, 1995).The
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transition into early elementary school is critical given the increased reliance on formalized
instruction; the emphasis on explicit language-based skills, such as reading and writing; and
the heightened role of peer relationships.

Differences in language skills have real-world implications for school-age children, in regard
to both academic (e.g., Catts, Adolf, Hogan, & Weismer, 2005; DeThorne et al., 2006;
Nathan, Stackhouse, Goulandris, & Snowling, 2004) and social success (Fujiki, Brinton,
Isaacson, & Summers, 2001; Fujiki, Brinton, Robinson, & Watson, 1997; Redmond &
Rice, 1998; Windsor, 1995); however, children’s developmental status is not static, and
their trajectory is not always linear. For example, there is evidence of late-talking toddlers
“catching up” in their spoken language skills by school age (e.g., Dale, Price, Bishop,

& Plomin, 2003; Paul, 1996; Scarborough & Dobrich, 1990). Such phenotypic changes
overtime lead to questions regarding the stability of genetic and environmental effects, as
well as issues of gene—environment interaction. Genetic effects are not all set in motion

at conception and constant across one’s lifetime. There is increasing evidence of change

in genetic effects over time, with genes being “turned on and off” over time and their
influences being mediated and moderated by environmental effects (Rutter, 2006). As a
simplified illustration, Hewitt, Emde, and Plomin (2001) highlighted three possible models
for change and stability in genetic effects over time, which we apply here to the issue of
language development in particular: (a) complete genetic stability over time, meaning no
new genetic effects impinge on language development over the period of time under study;
(b) complete genetic specificity, meaning heritability in language use at each time point is
due to different genes; and (c) a combination of genetic overlap and specificity, meaning
some of the same genes influence language development across time points, whereas others
contribute only at specific periods of development. Such stability and specificity can be
examined for each etiological effect, including shared and nonshared environmental effects.

Methodologically, twin studies can tease apart genetic and environmental effects on
language by comparing the phenotypic similarities of monozygotic (MZ) twins, who share
100% of their segregating genes, with dizygotic (DZ) twins, who share on average only
50% of such genetic material. As a consequence, the extent to which MZ twins are

more similar than DZ twins in their language skills provides an estimate of heritability

(hz) for that phenotype—that is, the proportion of the total phenotypic variation that

can be attributed to genetic effects: h? = 2(MZr — DZr). The similarity in MZ twins that
can not be accounted for by genetic effects, is attributed to shared environmental effects
(c) that influence both twins within a pair (c2 =MZr — hz). Shared environmental effects
encompass any nongenetic factors that would be shared between twins. Such effects could

include exposure to environmental toxins, birth trauma, and parenting practices. Remaining
differences between MZ twins are attributed to nonshared environmental effects (e) and

measurement error (e2 =1- MZr). Nonshared environmental influences include nongenetic

factors that differ between twins, such as injuries, illnesses, and aspects of interactions that
are unique to each child.

Building on this same conceptual foundation, one can use multivariate behavioral genetic
analysis to disentangle the genetic versus environmental sources of covariance of traits
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overtime to estimate stability of causal effects (cf. Plomin, 1986); specifically, twin
correlations are estimated across time points, so that measurement at the first time point
is correlated with the same measure at the later time point. The difference in cross-time
correlations between MZ and DZ twins provides an indication of genetic influence on
the stability between the two traits. Bivariate heritability refers to the extent to which
genetic factors account for the phenotypic correlation (r,) between the traits (bivariate

n = 2[MZr — DZr/r,)). For example, a bivariate heritability of. 30 would suggest that 30%
of the phenotypic correlation between timepoints is genetically mediated. A related concept,
genetic correlation, is derived by dividing the genetic covariance of two variables by the
square root of the product of the genetic variances. Genetic correlations estimate the extent
to which genetic influences on one trait correlate with genetic influences on a second trait,
independent of the heritabilities of the traits (Plomin, DeFries, McClearn, & McGuffin,
2008). In the present context, the genetic correlation indicates the extent to which genetic
influences on language skills at the second time point are the same as those that influence
language skills at the first time point.

Using the twin method, genetic effects on various language measures have been well
documented, although the strength of estimates varies widely (cf. Plomin & Kovas, 2005,
and Stromswold, 2001, for reviews).Such variability has been attributed to differences

in form of measurement (DeThorne et al., 2008), environmental circumstances (Rowe,
Jacobson, & Van den Oord, 1999), and child age (Plomin, Fulker, Corley, & DeFries, 1997).
Despite the potential role age might play, few studies have the size and longevity to study
the longitudinal stability in causal effects over time in the same sample. Spinath, Price,
Dale, and Plomin (2004) examined the influence of age, sex, and severity on the heritability
of child language skill using 1,943 twin pairs from The Twins Early Development Study
(Trouton, Spinath, & Plomin, 2002).1 Using data from a parent-report instrument, the
authors found that the heritability of individual differences in child language use ranged
from .18 to .23 for girls and .27 to .34 for boys across the annual timepoints of 2, 3, and

4 years of age. Systematic differences related to age were not observed, and multivariate
estimates of genetic or environmental stability were not provided.

Despite the paucity of analyses related to stability of genetic and environmental effects on
child language, analyses focused on 1Q, verbal 1Q included, have revealed a trend toward
increasing heritability with age (e.g., Haworth et al., 2010; Hoekstra, Bartels, & Boomsma,
2007; Plomin et al., 1997), as well as evidence of genetic stability (e.g., Hoekstra et al.,
2007; Price, Dale, & Plomin, 2004). The finding of increasing heritability over time has
been attributed to gene—environment correlations—or, more specifically, the notion that as
children get older they gain increasing influence over their environments (Haworth et al.,
2010; Rutter & Plomin, 1997; Scarr & McCartney, 1983). Environmental variance yoked

to genetic variance in this way could increase heritability estimates over time (cf. Hopper,
2000; Plomin, DeFries, & Loehlin, 1977). Another possible explanation for increasing
heritability over time would be the influence of “new” genes that come into play as children
develop, which would imply findings of at least some genetic specificity at later time points.

1See also www.teds.ac.uk.
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In contrast, however, early findings across domains have suggested high genetic stability,
which has been attributed to the concept of “generalist genes” that operate throughout
development and have an impact on multiple domains (Hoekstra et al., 2007; Plomin &
Kovas, 2005).

In the present study, we examined the stability of genetic and environmental influences

on children’s language measures taken from conversational interactions. In particular, we
focused on conversational interactions, given their common use in phenotypic research on
child language and their inherent social validity; it is through conversation that children
express their thoughts, shape the impressions of others, and solidify their relationships. The
current analyses build directly on DeThorne et al.’s (2008) study from the Western Reserve
Reading Project (WRRP; Petrill, Deater-Deckard, Thompson, DeThorne, & Schatschneider,
2006), which used a sample of 380 twins to estimate the extent of genetic and environmental
influences on children’s language measures at a mean age of 7 years (see also DeThorne

& Hart, 2009). Measures taken from conversational language samples (i.e., mean length

of utterance, number of total words, number of different words, measure D, total number

of conjunctions, and development sentence scores) loaded strongly on a single factor and
were therefore combined into one factor, labeled Conversational Language. Approximately
70% of variability in the children’s Conversational Language factor was attributed to genetic
effects, with the remaining variance accounted for by nonshared environmental effects.
Comparable language data are now available for a time point 1 year later, thereby providing
a means of directly examining the stability of these causal influences over time.

Although two annual assessments span a limited period of development, 1 year is a fairly
common window for examining behavioral change(Dale et al., 2003;Price et al., 2004;
Spinath et al., 2004), and with this research, we are providing one of the first empirical
tests of the causal stability in language during the early school-age years. Findings of
stable versus new effects will inform predictions of whether findings of specific genetic

or nonshared environmental effects on child language use would be consistent across
development. From a clinical standpoint, understanding the timing and mechanism of both
genetic and environmental influences on development could inform decisions regarding
when and how to intervene. This study’s three specific research questions were as follows:

1. What is the extent of genetic and environmental effects on individuals’
productive language measures at each of two annual home visits?

2. What is the stability of genetic and environmental influences across the time
points as indexed by the phenotypic correlation?

3. Is there evidence for “new” genetic or environmental influences on the
productive language measures across time?

All participants were from the WRRP (Petrill et al., 2006), a longitudinal study of reading
and related cognitive skills that included annual home visits beginning at kindergarten/first
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grade and extending to fifth grade. The project received institutional review board approval
through all participating institutions. The present study focused on the first two annual home
visits at which conversational language samples were collected: These are referred to here
and in previous publications as the secondand third annual home visits (HV2and HV3,
respectively; also referred to in other publications as Wave 2and Wave 3). The first home
visit is not included in the present analyses because it did not include a systematic language
sample.

Twins were selected from the WRRP on the basis of
thepresenceoflanguagesampledatafromeitherHV2or HV3, as well as complete data on age,
biological sex, and zygosity; this process resulted in 534 twins. Thirty-six cases were
subsequently excluded because of a history of ambiguous or persistent hearing difficulties,
resulting in an effective sample of 498twins with relevant data for atleast one of the two
home visits. Specifically, 487 twins with a mean age of 7.13 years (SD = 0.65) had HV2
data, and 387 twins with a mean age of 8.31 years (SD = 0.69) had HV3 data. Longitudinal
analyses were contingent on the 376 twins who had data from both home visits. The
percentages of male twins were equally distributed across zygosity types and home visits,
ranging from 39% to 41%. Approximately 92% of the total sample was Caucasian, and
94% of primary caregivers had completed high school. Based on a parent-report measure
detailed in DeThorne et al. (2006), 20% of the included twins had seen a speech-language
pathologist at some point in their development, with 78% never having seen a speech-
language pathologist, and 2% having had ambiguous or missing data for this item.

Each home visit was conducted by a pair of examiners who each simultaneously evaluated
one child within a twin pair using a battery of standardized assessments and parent
questionnaires. In addition, HV2 and HV3 included the recording of conversational language
samples between the child and examiner during 15 min of free play with modeling clay. The
rationale for conversational instead of narrative samples was based on the flexibility that the
former provides to follow the child’s lead, the presence of established guidelines for eliciting
samples (e.g., Leadholm & Miller, 1992), and the ability to control the length of the sample.
All examiners in the present study were specifically trained in language sample collection
guidelines from Leadholm and Miller (1992) that included specifications such as (a) offer
information of interest to the child, (b) limit direct requests and closed-ended questions, and
(c) try to introduce three to four different conversational topics (see DeThorne & Hart, 2009,
for complete guidelines).

Samples were recorded on cassette tape or compact flash card. Transcription into Systematic
Analysis of Language Transcripts (SALT, Version 8; see http://www.saltsoftware.com/) was
completed by undergraduate and graduate students in speech and hearing science who

were trained through review of the SALT tutorial and laboratory manual (Child Language

& Literacy Lab, 2010; J. F. Miller, 2004), followed by transcription of practice samples

until 85% agreement on both utterance boundaries and individual morphemes was achieved
with an experienced transcriber. Transcription reliability was constantly monitored through
independent retranscription of atleast everyl5thsample, paired with calculation of point-by-
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point agreement. Across 43HV2 samples, this process resulted in an average agreement of
.90 (range: .70-1.00) for conversational unit (C-unit) boundaries and .91 (range: .80-.98)
for individual morphemes. Analogous values across 45 HV3 samples resulted in a mean
agreement of .93 (range: .84-.99) for C-unit boundaries and .92 (range: .81-.99) for
morphemes.

Given that the frequent use of conjoining conjunctions during the school-age years may
serve to inflate utterance length, segmentation was determined by conventions for C-units
(Loban, 1976; Nippold, 1998), meaning that independent clauses joined by the conjunctions
and, but, and orwere segmented into separate utterances (i.e., C-units). Twins within each
pair were transcribed by different research assistants who were naBve to twin zygosity.

All transcribed samples were independently reviewed by a second research assistant for
correction of explicit errors. Questions or disagreements related to transcription conventions
were resolved through discussion at weekly laboratory meetings with the first author. After
being transcribed and checked, dependent variables were derived through SALT. In the
following sections, we describe the specific measures we selected given their ubiquitous
nature in the child language literature, ease of automated analyses, and the existence of
reasonable evidence of developmental change during the school-age years and/or ability to
differentiate groups (cf. Leadholm & Miller, 1992; J. F. Miller et al., 1992; Rice, 2004; Rice
et al., 2006; Scott & Windsor, 2000).

Total complete and intelligible C-units.—This variable (here after, 7C/CU)
represented the total number of complete and intelligible child C-units within a 15-min
sample, thereby serving as a general measure of productivity or volubility (Leadholm &
Miller, 1992). This measure has revealed group differences between school-age children
with language disabilities and their same-age peers (e.g., Scott & Windsor, 2000).

Number of total words (NTW).—NTW, a count of all root words from the first 100
complete and intelligible child C-units in each sample, provided an additional measure

of volubility. Values were not derived for samples with fewer than 100 complete and
intelligible C-units. NTW was derived on the basis of 100 C-units rather than the entire
sample in order to be comparable to the measure used by DeThorne et al. (2008) and
because the resulting measure appears less confounded by aspects of child temperament
(DeThorne, Deater-Deckard, Mahurin-Smith, Coletto, & Petrill, 2011). Though often
considered a measure of volubility or fluency (Leadholm & Miller, 1992; Scott & Windsor,
2000), NTW tends to correlate significantly with measures of linguistic complexity, such as
mean length of utterance (MLU) and number of different words (NDW; e.g., DeThorne et
al., 2008).

MLU.—A measure of average utterance length, MLU was derived from all complete and
intelligible child C-units within the sample. Consistent with conventions from Leadholm
and Miller (1992), we counted individual morphemes, including all root words and

the following bound morphemes: plural /-s/, possessive /-s/, present progressive /-ing/,
regular past tense/—ed/, third person singular /-s/, and contracted forms of DOand BE.
Morphemes, rather than words, were the focus of the measure because of our interest in
capturing variation in morphological complexity. Although often referred to as a measure of
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grammatical complexity, we present MLU more generally as a global measure of language
productivity given its confound with other linguistic constructs, vocabulary in particular
(DeThorne, Johnson, & Loeb, 2005; Hutchins, Brannick, Bryant, & Silliman, 2005).

NDW.—As a measure of lexical diversity, NDW provided a count of the total number of
different root words used within the first 100 complete and intelligible child C-units in

the sample. Based on transcription conventions for inflectional and derivational morphemes
(Leadholm & Miller, 1992), the words friendand friendly would be counted as different
words, but the words jump and jumped would be counted as the same root word. Validity
evidence for NDW includes correlation with standardized vocabulary measures (e.g.,
Ukrainetz & Blomquist, 2002) and differentiation of child language ability (e.g., Watkins,
Kelly, Harbers, & Hollis, 1995).

Total number of conjunctions (TNC).—Intended as a general measure of syntactic
complexity (Leadholm & Miller, 1992; Nippold, 1998), TNC provided a frequency count of
each child’s use of 12 earlier developing conjunction types within their first 100 complete
and intelligible utterances: after, and, as, because, but, if, or, since, so, then, until, and while.
This analysis relied on the automated conjunction count available via SALT based on the
availability of reference data indicating developmental change in this measure during the
target age range (e.g., Leadholm & Miller, 1992; J. F. Miller et al., 2005).

To examine the extent of genetic and environmental effects on individuals’ productive
language measures at each of two annual home visits, we first compared intraclass
correlations for MZ and DZ pairs on each measure. We extended these analyses using
standard univariate twin models to obtain univariate estimates of genetic (a2), shared

environmental (c2), and nonshared environmental effects (e2) for the observed measures,

where 42 refers to the proportion of variance due to additive genetic influences, ¢ refers

to the proportion of variance due to shared environmental effects (i.e., those shared by
individual pairs), and ¢2 refers to the proportion of variance due to nonshared environmental
effects (i.e., those unique to individuals within the pair), plus measurement error.

To examine the stability of genetic and environmental influences across the time points

and to estimate the extent to which “new” genetic or environmental influences come into
play, we used multivariate genetic models. In these analyses, the conversational language
measures at each home visit were used as indicators of latent HV2 and HV3 Conversational
Language factors. These latent factors subsume the common variance among the measures
within each home visit. The use of latent factors in a genetically sensitive design is highly
informative, because it enables one to focus on genetic and environmental influences that
contribute to variance in the target ability (as indexed by the common variance among
measures), independent of measure-specific variance and measure-specific error. In addition,
estimates of relationships involving latent factors are more reliable (Loehlin, 2004).

Our baseline model (shown in Figure 1) takes the form of a Cholesky decomposition
model (Neale & Cardon, 1992). The variance and covariance between the HV2 and HV3
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Conversational Language factors are decomposed into A, C, and E effects. The first set of
factors, A4, C,, and E,, represent A, C, and E effects that contribute to the total phenotypic
variance in HV2 Conversational Language scores, as well as the covariance between HV2
and HV3 Conversational Language, that is, the stability of Conversational Language from
HV2 to HV3. The second set of latent factors, A,, C,, and E,, represent A, C, and E effects
on HV3 Conversational Language that are independent of A, C, and E effects on HV2
Conversational Language, that is, wave-specific or “new” A, C, E effects that emerge at
HV3. When the path coefficients in the Cholesky decomposition model are standardized,
the proportion of the total phenotypic variance in each latent Conversational Language
factor that is due to genetic influences can be estimated from the squared path coefficients
from the genetic factors. For example, the heritability of HV2 Conversational Language is
estimated by squaring the standardized factor loading for the first path coefficient for A,
(that loads on HV2), and the heritability of HV3 Conversational Language is estimated by
squaring and summing the standardized factor loadings of the second path coefficient for
A, (that loads on HV3) and the path coefficient for A,. Similar calculations can be used to
estimate the proportion of phenotypic variance in each measure due to shared environmental
influences and nonshared environmental influences. Because A, C, and E are not measured
directly but are inferred from patterns of twin similarity, they do not have a natural scale.
In the current study, we fixed the total variance (i.e., the sum of A, C, and E) within each
measure to equal 1. In addition to examining the variance and covariance between the latent
HV2 and HV3 Conversational Language factors, it is possible to decompose the remaining
measure-specific variance into A,, C,, and E, effects.

Models were estimated from the raw data using full-information maximum likelihood,
which yields maximum-likelihood estimates for the effects of interest while taking missing
data into account. In maximum likelihood estimation, the values of the unknown parameters
(i.e., a2, ¢2, and ¢2) are iteratively adjusted until estimates are obtained that yield the
smallest possible discrepancy between the model (expected twin variances and covariances)
and the data (observed variances and covariances). All analyses were undertaken in Mx
(Neale, Boker, Xie, & Maes, 2006). We used two statistics to ascertain model fit: (a) the
Akaike information criterion (Akaike, 1987) and (b) the Bayesian information criterion
(BIC; Raftery, 1995). These are indices of relative fit, in which smaller values indicate better
model fit (i.e., the model that reproduces the observed variances and covariances with as
few unknown estimated parameters as possible). The AIC is estimated as AIC = —2 x log
likelihood +2k, where —2 x log likelihood is the maximized value of the likelihood function
for the estimated model and k is the number of parameters in the statistical model. The

BIC is estimated as BIC = — 2 x log likelihood +k x log(n), where k represents the number
of parameters and » the number of observations in the fitted model. We designated model
parameters as significant if their 95% confidence intervals (CIs) did not include 0. For the
purpose of our analyses, scores were standardized on the whole sample to a mean of 0

and an SD of 1. In addition, for the genetic analyses, scores were adjusted for age and sex
(McGue & Bouchard, 1984).
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Descriptives for all dependent variables are summarized in Table 1 by home visit and
zygosity. Note that the number of participants fluctuated across variables on the basis

of differing requirements in sample length. For example, TCICU was derived regardless

of sample length, whereas NTW, NDW, and TNC required 100 complete and intelligible
utterances. A couple of trends worth highlighting from Table 1 are the similar means across
MZ twins and DZ twins, with a tendency toward greater variability in DZ twins across all
measures except TCICU. Variance differences reached significance in two cases: MLU at
HV2 (df = 444, p = .05) and TCICU at HV3 (df = 430, p = .03). There was also a consistent
trend for measures to increase from HV2 to HV3, as one might expect developmentally.
With MZ and DZ groups combined, skewness for individual dependent variables ranged
from —.02 for TCICU at HV3 to .96 for TNC at HV2. Kurtosis ranged from —.31 for TCICU
at Hv3 to .98 for TNC at HV3.

Phenotypic Correlations

In Tables 2 and 3, we present the phenotypic correlations across variables within HV2 and
HV3, respectively. Cross-variable correlations within both visits demonstrated significant
correlations across MLU, NDW, NTW, and TNC, all of which were large in effect size.

In contrast, TCICU at both home visits correlated significantly with MLU and NTW but

not with ND Wand TNC. It is worth noting here that NTW, NDW, and TNC were all

derived from samples that were truncated to 100 utterances, there by potentially reducings
hared variance with TCICU. Intravariable correlations revealed relative stability of measures
across home visits, with the following coefficients and Cls: .29 [.20, .37] for TCICU, .52
[.45, .58] for MLU, .42 [.33, .51] for NDW, .46 [.36, .54] for NTW, and .47 [.37, .55] for
TNC.

Univariate Analyses

In regard to the extent of genetic and environmental effects on individual measures,
intraclass correlations and modeling results for HV2 and HV3 are presented in Tables 4
and 5, respectively. For HV2 measures, MZ twin correlations were consistently greater
than the DZ twin correlations, which is indicative of genetic influences. The DZ twin
correlations were greater than half the MZ twin correlations, which is indicative of shared
environmental influences. An exception to this pattern was NTW, which yielded a DZ
twin correlation less than half the MZ twin correlation. It should be noted, however, that
for all measures, including NTW, the Cls for MZ and DZ twin correlations overlapped
considerably, suggesting that shared environmental influences can be estimated only very
imprecisely. The ACE estimates bear this out: All measures showed significant genetic
influences, whereas shared environmental effects were significant only for TCICU. We
probed this finding further by comparing fit statistics for the ACE model with an AE model,
as shown in the lower half of Table 4. All measures except TCICU showed lower AIC
and BIC values for the AE model than for the ACE model. For TCICU, the results were
ambiguous: The AIC was lower for the ACE model than for the AE model, whereas the
opposite pattern was seen for the BIC. It should be noted that TCICU at HV2 showed
significant variance differences, which may partly account for these results. In sum, the
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overall pattern of results for HV2 indicated that shared environmental effects could be
dropped from our models without a significant deterioration in fit.

At HV3, the MZ and DZ twin correlations for NTW were identical, suggesting that
resemblance between twins is entirely due to shared environmental influences. For all

other measures, MZ twin correlations were consistently higher than DZ correlations, and
DZ correlations were greater than half the MZ correlations, which is indicative of genetic
and shared environmental influences. Again, however, the Cls for the MZ and DZ twin
correlations overlapped substantially for each measure. The ACE estimates indicated that
genetic and shared environmental influences were not significantly different from 0 for any
measure, with the exception of TCICU, which showed significant genetic (but not shared
environmental) influences. Model fit statistics for HV3 are shown in Table 5. We compared
the ACE model with an AE model and, because the twin correlations for NTW suggested no
genetic influences, a CE model. For all measures except TCICU, the AIC and BIC values
for the reduced models (AE and CE) were lower than for the full ACE model. Comparisons
between the fit statistics for the AE and CE models were more difficult to make, but in
general, the AE model showed lower AIC and BIC values than the CE model. The best
fitting model for TCICU was the full ACE model.

Multivariate Analyses

To address questions of stability over time, we relied on longitudinal latent factor analysis;
specifically, MLU, NDW, NTW, and TNC were included within a latent Conversational
Language factor for each home visit. TCICU was not included because of its lower
phenotypic correlation with the other variables (see also DeThorne et al., 2008). Because
an AE model emerged as the best fit for MLU, NDW, NTW, and TNC within the univariate
analyses at both time points, we used an AE rather than an ACE model for the multivariate
analyses (see Figure 2); however, the full ACE model is provided in Figure 1 for general
comparison purposes. Factor loadings were large, ranging from .76 to .98 at HV2 and from
.78 t0 .99 at HV3 (see the middle layer of arrows in Figure 2).

The standardized path estimates specified along-side the top layer of arrows in Figure 2
offer key information regarding the genetic and nonshared effects on the latent factors

at each home visit; specifically, the standardized path estimate of .78 from A, to HV?2
specifies the genetic variance in the HV2 latent factor. When squared, this value provides the
heritability of the HV2 factor, specifying that 62% (.782) of variance in HV2 conversational
language skills is due to genetic effects. The value of .62 associated with E, indicates

that 38% (.622) of the variance in HV2 conversational language skills is due to nonshared
environmental effects. The path estimates of .54 and .04 running from A, and E, to HV3
indicate the amount of genetic and nonshared environmental variance at HV3 that overlaps
with HV2. Finally, the paths from A, and E, to HV3 represent the unique genetic and
nonshared environmental variance associated with the HV3 Conversational Language factor.
The bottom row of coefficients in Figure 2 represents the genetic and environmental effects
on measure-specific variance (A, and E,)—in other words, variance not accounted for by the
conversational factors. In sum, the findings indicate significant genetic overlap across the
two time points (.542 = .29); specifically, 62% of the variance in the conversational language

J Speech Lang Hear Res. Author manuscript; available in PMC 2023 June 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

DeThorne et al.

Page 11

factor at HV2 was heritable; 34% of the variance in the conversational language factor at
HV3 was heritable (.542 + .232 = .34), and all of the genetic effects overlapped with HV2. In
contrast, nonshared environmental effects were entirely specific to home visit: Thirty-eight
percent (.622) of the variance in the Conversational Language factor at HV2 was due to
nonshared environmental effects, and 66% (.812) of the variance in the Conversational
Language factor at HV3 was due to nonshared environmental effects, all of which were
unique to that home visit. A summary of the squared, standardized path estimates and their
associated Cls at each home visit is provided in Table 6. The remaining variance attributed
to individual measures was minimal and primarily due to nonshared environmental effects.

Discussion

The primary findings from the present study included the relative stability of conversational
language measures. Excluding TCICU, measures at HV2 accounted for 18% to 27% of the
variance in that same measure 1 year later. Such stability is consistent with other measures
of language (e.g., Spinath et al., 2004). Particularly germane to the present study was

the finding that stability in the Conversational Language factor was accounted for almost
entirely by shared genetic effects. Longitudinal latent factor modeling indicated that 62%

of the variance in children’s conversational language skills at HV2 was due to genetic
effects, whereas heritability at HV3 was around 34%. The genetic effects at HV3 overlapped
entirely with the genetic effects at HV2, thereby indicating no new genetic influences on
children’s conversational language measures between the approximate ages of 7 and 8 years.
In contrast to the stability in genetic effects, nonshared environmental effects were entirely
time point specific, meaning whatever nonshared environmental influences were operating
at HV2 were not the same influences on conversational language measures at HV3. In the
discussion that follows, we focus on three areas: (a) comparisons with previous studies,
particularly in terms of reconciling our finding of limited shared environmental effects;

(b) speculation regarding candidate genes and nonshared environmental effects; and (c)
implications of findings for clinical practice and future research.

Comparisons With Past Studies

Heritability estimates from the present study fall comfortably with in the wide ranges
presented else where for individual differences in child language use (i.e., Plomin & Kovas,
2005; Stromswold, 2001), although most prior estimates come from parent report and

more formalized tests. Two additional findings from the current study are worth noting

in comparison to past studies. First, the present study demonstrated a trend toward lower
heritability estimates at HV3 relative to HV2, although the overlapping Cls prevent a
definitive interpretation. If the trend were clear, it would contrast with claims that the
heritability of language tends to increase with age (Haworth et al., 2010; Hoekstra et al.,
2007; Plomin et al., 1997; Stromswold, 2001). It is possible that our study was not sensitive
to potential shifts in /2 because of the specific age of the participants, the limited 1-year
trajectory, or the general nature of the measures used. Specific to child age, one might expect
larger shifts in causal effects during key developmental transitions, such as entry into formal
schooling or puberty. Of interest is that the one study that empirically assessed the stability
of causal influences on child language (Hoekstra et al., 2007), actually reported a downward
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dip in heritability between the ages of 5 and 7 years despite the general increasing trend
across other ages studied. On a related note, studies extended across longer time periods
would likely be more prone to yield lower stability, a prediction we intend to assess in

future analyses on the WRRP sample. It remains notable, however, that a 1-year time span,

a common window for longitudinal study, yielded genetic stability paired with shifting
nonshared effects on children’s conversational language measures, especially given the
paucity of behavioral genetic work in this area. Future studies should consider longer time
periods, key developmental transitions, and more finely tuned semantic and morphosyntactic
measures.

Another note worthy finding compared with some past studies is the limited evidence

of shared environmental influences on language. Shared environmental effects were
statistically significant only for TCICU at HV2, with an estimate of .33 that barely reached
statistical significance. For our specific measures of linguistic complexity, estimates of ¢
ranged from. 00 to .11 at HV2 and from.06 to .30 at HV3. Although other twin studies

have found statistically significant shared environmental effects on a variety of traits,
including child language (e.g.,Colledge et al., 2002; Samuelsson et al., 2005; Spinath et

al., 2004), twin methodology has been critiqued for its overall inability to identify shared
environmental effects, especially when the sample size is small (Bulik, Sullivan, Wade,

& Kendler, 2000; Hewitt et al., 2001; Hopper, 2000). In fact, power to detect shared
environmental effects was low in the present study. Achieving statistical significance for
shared environmental estimates of 20% to 30% requires sample sizes ranging from 300

to over 1,000 twins, depending on the ratio of MZ to DZ twins and the distribution of
remaining variance between A and E. Because of power limitations in the present study, it is
impossible to claim that shared environmental effects do not influence individual differences
in children’s language use.

In addition to low power, other factors may be contributing to the limited evidence of shared
environmental effects in the present study. As previously mentioned, shared environmental
factors are often thought to be more influential at younger ages; consequently, testing at
younger ages may reveal stronger shared environmental effects. In addition, it is possible
that the underrepresentation of families with lower parent education (i.e., no high school
diploma) may limit the full variability of shared environmental experiences and thereby
limiting estimates of such effects (cf. Rowe et al., 1999).

Candidate Genetic and Nonshared Environmental Effects

In terms of specific genes that may contribute to the genetic stability observed in the

present study, candidates have been slow to emerge in the literature and difficult to replicate.
Complex behavioral traits, such as language, are likely governed by numerous quantitative
trait loci (QTLs), which individually are responsible for relatively small effects that are
difficult to detect. Whereas most typical variation in language skill may be influenced

by unique combinations of QTLs, it remains possible that language disorders are caused

by a “heterogeneous collection of individually rare, highly penetrant mutations” (Plomin,
2005, pp., 1030-1032). As a case in point, FOXPZ2, on chromosomal region 7931, has

been implicated as a key DNA sequence in the human evolution of speech (Enard et
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al., 2002), and relatively rare mutations in this region have been linked with speech-
language disorders (Lai, Fisher, Hurst, Vargha-Khadem, & Monaco, 2001; O’Brien, Zhang,
Nishimura, Tomblin, & Murray, 2003). Other chromosomal regions affiliated with language
disorders include 6p (Rice, Smith, & Gayan, 2009), 16q, 199 (SLI Consortium, 2002,

2004), and 13q (Bartlett et al., 2002). Regardless of which QTLs are identified, the genetic
stability observed in the present study suggests that candidate genes found to influence
conversational language measures at one time point during early school-age development are
likely to be relevant at least 1 year later.

In regard to nonshared (or person-specific) environmental effects, the extent to which these
effects were unique across time points was surprising, though not unprecedented (e.g.,
Hoekstra et al., 2007). Many of the anticipated nonshared environmental effects on child
language, such as one twin’s exposure to injury or illness, would not be expected to shift
within 1 year’s time, unless of course the event had occurred within that particular year. In
the standard ACE model, nonshared environmental effects are difficult to interpret because
the term encompasses measure-specific error. One advantage of the latent factor analyses is
its ability to eliminate measure-specific error from estimates of nonshared effects (Loehlin,
2004). In theory, then, € estimates on the Conversational Language factor represent real
nonshared effects, or at least effects that influence all measures within the factor.

The question then becomes, “What are these unique nonshared environmental effects?”
Given that our study was not designed to answer this question, we are left to speculate on
the basis of the nature of our findings. Although there is a range of intriguing possibilities,
including examiner effects, child friendships, and classroom placement, the high correlation
across our measures suggests that the nonshared effects could be attributed to the unique
qualities of a particular corpus. As such, the nonshared effects would encompass not

only the child’s intrinsic linguistic ability but also a complex amalgam represented by
corpus-level factors such as topic, mood, and attention, both of the child and the examiner.
Given that all the language measures were derived from one conversational sample and
correlated highly, it is quite possible that factors influencing verbal engagement and shared
communicative competence would have similar influences on all the derived measures and
thus not be eliminated in the latent factor analyses.

Certainly reports related to the reliability of language sample measures suggest the
likelihood of such effects (Bornstein, Haynes, Painter, & Genevro, 2000; Gavin&Giles,
1996).Despite this limitationin interpreting our results, two additional points are worth
mentioning. First, such context effects are relevant for all forms of assessment, not just
conversational samples (DeThorne et al., 2005; DeThorne & Watkins, 2006), and they
might in fact explain the changes in nonshared effects within studies that use standardized
assessments as well (e.g., Hoekstra et al., 2007). Second, we would argue that, rather than
being “nonreal” effects, all factors that influence measures of child language should be
understood as critical to providing meaningful assessment and intervention. If the goal is to
minimize the impact of factors other than intrinsic linguistic ability, however, then one might
consider using multiple measures and various assessment points (cf. DeThorne & Watkins,
2001).
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Implications and Future Directions

To the extent that our findings reflect meaningful nonshared environmental effects on
language, this study suggests the need to study environmental variables at the individual
level. It has been noted that even family-level variables can have notably different effects
on individuals within the same family (e.g., Moffitt, 2005; Rutter & Plomin, 1997);

that does not mean that familywide variables are not important, only that children’s
response to familywide variables may be highly individualized (cf. Rutter & Plomin, 1997).
Environmental factors, ranging from diet and toxin exposure to parent interaction style,
could have markedly different effects on individuals within the same family depending

on that individual’s specific genetic makeup and environmental history. Clinical and
educational practices could certainly benefit from identifying influential person-specific
effects and their potentially complex interactions with other variables, so that we could move
toward supporting individuals rather than treating fictitiously homogeneous populations.

In regard to genetic findings, it has been argued that even small genetic effects, if
consistent, will lead to increases in heritability over time (Eaves, Long, & Heath, 1986),
although such an increase was not observed across the two time points in the present
study. As noted elsewhere, heritability does not eliminate environmental influence. In
contrast, understanding the genetic mechanism often leads to more effective environmental
arrangements and offers the promise of more effective interventions and preventions for
cases of language disorder (Rutter & Plomin, 1997; see also the process proposed by
Moffitt, 2005, in relation to psychopathology). Future behavioral genetic work could better
inform clinical understanding by extending assessments of causal stability across longer
time frames and expanding the types of measures employed. Similarly, clinical practices
should serve to inform basic research. Behavioral observations of phenotypic variation

and disassociations, as well as identification of useful treatment strategies, offer important
insights into what key cognitive processes and deficits might be underlying language
development and disability.
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Figure 1.
Longitudinal latent factor analyses across language measures within a home visit (HV) using

an ACE model. The top layer of arrows represents genetic and nonshared environmental
effects on latent factors at each home visit. The middle layer of arrows represents the
loadings of individual measures on the latent factor, and the bottom layer of arrows offers
the genetic and environment effects on measure-specific variance, not accounted for by the
factor. *p < .05.
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Figure 2.
Longitudinal latent factor analyses across language measures within a home visit (HV) using

an AE model. The top layer of arrows represents genetic and nonshared environmental
effects on latent factors at each home visit. The middle layer of arrows represents the
loadings of individual measures on the latent factor, and the bottom layer of arrows offers
the genetic and environment effects on measure-specific variance, not accounted for by the
factor. *p < .05.
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Table 6.

Squared, standardized path estimates from longitudinal analysis of latent language at HV2 and HV3.

Home visit  Contribution of A1  Contribution of A2 az(Al +A2)

HV2 .62 [.49, .71] .62 [.49, .71]
HV3 .29 [.15, .42] .05 [.00, .22] .34 [.18, .49]
Contribution of E1  Contribution of E2 e2(E1 + E2)

HV2 381[.29, 51] 38[.29, 51]
HV3 .00 .00, .04] 66 [51, 81] 66 [51, .82]

Note. Numbers in brackets are 95% Cls. Al and E1 represent A and E influences, respectively, accounting for all the variance in HV2 and the
covariance of HV2 with HV3; A2 and E2 represent A and E influences, respectively, accounting for the remaining variance in HV3, independent of
HV2.
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