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ABSTRACT

Deficits in phonological information processing in upper elementary stu-
dents with specific learning disabilities in reading or spelling may increase,
decrease, or remain stable over time. The authors examined the develop-
ment of phonological processing longitudinally in 209 students (109 with
learning disabilities and 100 typically achieving; n = 127 boys) in Germany,
from grade 3 to grade 5 (ages 8-11; mean age at recruitment = 8 years 6.78
months, SD = 5.39 months). Latent change score models revealed that the
development of rapid automatized naming was best described as a decreas-
ing deficit, whereas a persistent deficit in phonological awareness was ob-
served. Differences between students with and without learning disabilities
regarding the phonological loop increased over time. Further, there were no
developmental differences as a function of reading versus spelling deficits.
Theoretical and practical implications are discussed.

phonological processing abilities in upper elementary students

with reading or spelling difficulties (i.e., learning disabilities;
LD), less is known about the developmental trajectories of these pro-
cesses in these students. Previous longitudinal studies on LD focused
mainly on developmental changes in reading and spelling (for an over-
view, see Pfost, Hattie, Dorfler, & Artelt, 2014) rather than the develop-
mental changes in phonological processing. This lack of research is
surprising given that problems in phonological processing are consid-
ered the core deficit of LD, so knowledge about how these phonological
skills further develop in these students is crucial for a better theoretical
understanding of LD. Reading difficulties are often found to be persis-
tent, and several cross-sectional studies indicated that the same might be
true for the underlying phonological processing deficit. However, cross-
sectional studies do not allow conclusions about the developmental tra-
jectories of phonological processing, that is, whether there may be
changing relations in the manifestation of deficits in phonological pro-
cessing. The purpose of the current longitudinal study was therefore to
examine the developmental trajectories of rapid naming, phonological
awareness, and the phonological loop (sometimes also referred to as ver-
bal short-term memory) in a large sample of upper elementary German
students, with and without LD, to determine how these skills develop
over a period of three years.

g Ithough there is a substantial body of literature and research on
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The Importance of Phonological
Information Processing for
Reading and Spelling

The way young learners acquire reading and spelling
skills is the topic of a number of developmental theories.
Most of these theories describe the development of read-
ing and spelling in young learners as proceeding in serial
phases or stages (e.g., Ehri, 2005; Frith, 1986). According
to Frith’s (1986) theoretical framework, the development
of literacy skills takes place in three phases. In the initial
logographic phase, young learners recognize words only
by their graphic characteristics. The alphabetical phase is
then characterized by the use of phonological strategies.
Young learners understand the arbitrary relation between
the spoken and written language, that is, the relation
between sequences of letters in the written language and
the sounds that these letters represent. To read words,
young learners typically sound out words and blend the
sounds. Spelling, according to the alphabetic phase, is
associated with young readers analyzing words with
respect to their phonemes and the mapping of these pho-
nemes to the corresponding graphemes. Repeated expo-
sure to the same words consolidates an orthographic
lexicon in which whole-word grapheme sequences are
stored (i.e., orthographic representations).

The orthographic phase is reached when young readers
no longer need to sound out known words but instead rec-
ognize words automatically by fast, direct, and instant access
to their meanings without recourse to phonology. The
orthographic lexicon is of special importance for spelling
processes, as a systematic phoneme-grapheme mapping is
not sufficient to write words orthographically correctly. As
compared with English, the German orthography is consid-
ered relatively transparent, but orthographic regularity
relates primarily to reading, not necessarily to spelling. The
phoneme-grapheme relation (relevant in spelling processes)
is most often less consistent than the grapheme-phoneme
relation (relevant in reading processes). Most times, there are
several possibilities for mapping a certain phoneme to a
grapheme (combination), with only one possibility being
orthographically correct; for example, [i:] could be spelled
as ie as in dieb (thief), as 7 as in igel (hedgehog), as ih as in
ihm (him), or as ieh as in siehst (see; see also Landerl &
Wimmer, 2008). Consequently, orthographically correct
spelling is the more difficult task in Germany.

Theories on the development of reading and spelling
provide only descriptions of the way in which young
learners’ reading and spelling change with experience and
do not explain the mechanism accounting for this change
(Hulme & Snowling, 2009). According to the reading and
spelling strategies described, phonological information
processing—the use of phonological information when
dealing with spoken or written language (Wagner &
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Torgesen, 1987)—provides a commonly adapted theoret-
ical framework for explaining individual differences in
literacy acquisition. Wagner and Torgesen (1987) sub-
sumed phonological awareness, the phonological loop,
and the retrieval of phonological codes from long-term
memory (most often assessed by rapid automatized nam-
ing (RAN) tasks and, thus, hereafter referred to with this
term) under phonological processing. The theoretical
role of these three phonological components for the
acquisition of reading and spelling are outlined next.

The Relation of RAN to Reading
and Spelling

Naming speed is the speed of the pronunciation of the
names of familiar stimuli (e.g., objects, colors, letters, dig-
its). RAN tasks are used to measure phonological recod-
ing in lexical access and can thus be defined as the speed
that is required to map written symbols to their corre-
sponding phonological equivalents (e.g., phonological
codes associated with single letters, morphemes, or
words) stored in long-term memory (Denckla & Rudel,
1974; Wagner & Torgesen, 1987).

RAN predicts reading ability in both opaque and
transparent orthographies (Georgiou, Parrila, & Liao,
2008), even after controlling for other prominent reading-
related variables such as phonological awareness, the pho-
nological loop, or prior reading ability (Kirby, Georgiou,
Martinussen, & Parrila, 2010). However, there are differ-
ences in the way RAN relates to each of the various read-
ing processes, being generally more related to reading
fluency than to accuracy or reading comprehension
(Aratjo, Reis, Petersson, & Faisca, 2015; Landerl et al,,
2019). A number of theoretical explanations exist as to
why reading and RAN are related (for a comprehensive
overview, see Kirby et al., 2010), with most of them claim-
ing that reading and RAN rely partly on similar domain-
general processes. For example, in a study by Papadopoulos,
Spanoudis, and Georgiou (2016), different theoretical
accounts of the RAN-reading relation were contrasted
simultaneously. The authors revealed that the relation is
both direct (i.e., RAN was a unique predictor of oral read-
ing fluency) and indirect (through the mediation of pho-
nological awareness and orthographic processing). This
complex pattern of effects indicates that RAN is crucial for
both the actual reading performance and some of the basal
processes underlying reading.

The relation of RAN and spelling is less well under-
stood and has attracted far less attention than has the
RAN-reading relation. According to Wolf and Bowers
(1999), RAN is strongly involved in the process of build-
ing up word-specific orthographic representations in
memory (ie., they assume nonphonological processes
indexed by RAN, a position contrary to the phonological



processing argument of Wagner and Torgesen, 1987).
Following this, and because orthographically correct
spelling (especially the spelling of irregular words) is
dependent on accessing those orthographic representa-
tions (Martin & Barry, 2012), RAN is supposed to have an
impact on spelling, too. Indeed, research has found asso-
ciations between RAN and spelling, with RAN being an
independent predictor (Furnes & Samuelsson, 2011;
Georgiou, Torppa, Manolitsis, Lyytinen, & Parrila, 2012;
Savage, Pillay, & Melidona, 2008).

The Relation of Phonological
Awareness to Reading and Spelling

Phonological awareness is the conscious focusing on
and handling of phonological units such as syllables,
onsets, and phonemes (Castles & Coltheart, 2004). The
awareness of phonemes helps the novice reader and
writer understand the correspondence between sounds
and letters, which is especially crucial in the alphabetical
phases of reading and spelling acquisition. Learning to
read and the reading of unknown words involve the seg-
mentation of letter strings, an alignment with corre-
sponding phonemes, and blending of these phonemes
together to read a whole word. Further, it is assumed that
phonological awareness might be relevant for the
buildup of stable orthographical representations that
enable young learners to read fluently and write ortho-
graphically correctly (Ehri, 1995; Perfetti, 1992; Share,
2008), as it is assumed, especially for transparent orthog-
raphies such as German, that the orthographic represen-
tations are organized at the phonemic level (Goswami,
1997).

Whereas phonological awareness typically remains an
important predictor for reading and spelling in opaque lan-
guages (e.g., English) far beyond elementary school, its
importance seems to diminish in transparent orthographies
after the first years of schooling (Furnes & Samuelsson,
2011; Georgiou et al,, 2012). It has been argued that literacy
acquisition demands less phonological awareness within
consistent orthographies, which might be due to the combi-
nation of consistent grapheme-phoneme correspondence
and systematic phonics teaching that enables young learn-
ers to become good and accurate readers (cf. Lander]l &
Thaler, 2006; Wimmer, 1993). The result of phonological
awareness not contributing to reading or spelling after the
first years of schooling in transparent orthographies may
also be a consequence of the nature of the tasks used
(Caravolas, Volin, &Hulme, 2005; Nikolopoulos, Goulandris,
Hulme, & Snowling, 2006). For example, Caravolas and col-
leagues (2005) and Babayigit and Stainthorp (2011) found
phonological awareness to be predictive for reading and
spelling in both the transparent Czech and Turkish
orthographies and the opaque English orthography in older

students when more demanding tasks (e.g., phoneme eli-
sion or spoonerism tasks) are used. Finally, there is further
evidence from transparent orthographies that phonological
awareness still contributes to higher order reading skills
such as reading comprehension (Engen & Heien, 2002).

The Relation of the Phonological Loop
to Reading and Spelling

The phonological loop is a subsystem of Baddeley’s
(1986) working memory model and is responsible for the
short-term storage and processing of phonological infor-
mation. The phonological loop is a modality-specific and
capacity-limited storage system that consists of two com-
ponents. First, within the phonological store, phonologi-
cal information can be maintained for approximately
1.5-2 seconds before information decays (Baddeley,
Thomson, & Buchanan, 1975). Second, there is the inner
rehearsal process, an active mental repetition of phono-
logical information to prevent information decay.

With respect to reading, the phonological loop is
involved in the acquisition of letter-sound mapping
rules and in the verbal recoding of visually presented
letters by activating phonological codes through subvo-
cal speech (i.e., articulatory coding; Baddeley, 1986).
Efficient articulatory coding enables beginning readers
to maintain accurate phonological representations while
the blending process is executed and a particular word is
read (Alloway, Gathercole, Willis, & Adams, 2004;
Torgesen, Wagner, Rashotte, Burgess, & Hecht, 1997).
Moreover, spelling requires an accurate perception of
the heard words and the ability to segment and maintain
phonemes and to map them to their corresponding
graphemes. Based on these processes, not only is phono-
logical awareness assumed to be critical for successful
spelling, but so too is the phonological loop (cf. Moll
etal., 2014).

A meta-analysis by Melby-Lervég, Lyster, and Hulme
(2012) revealed that the mean correlation between the
phonological loop and reading was medium high (r=.34).
Likewise, in another meta-analysis, O’Shaughnessy and
Swanson (1998) reported that young students with LD
showed lower verbal memory spans than did normal
readers, with an effect size of 0.61 (Hedges’s g). In a com-
prehensive study, Babayigit and Stainthorp (2011) exam-
ined the predictive role of verbal short-term memory
(and other cognitive skills) in emergent literacy in ele-
mentary school students acquiring a transparent orthog-
raphy. Besides RAN and phonological awareness, the
phonological loop emerged as a strong predictor of word
decoding and text-reading speed, whereas its contribu-
tion to nonword reading was lower yet still stastitically
significant. Likewise, the phonological loop explained reli-
able variance in both word and sentence spelling.
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The Phonological Deficit
Theoryof LD

Due to its crucial involvement in the development of lit-
eracy skills, poor phonological processing is considered
the core deficit of LD, as expressed in the phonological
deficit theory (for a review, see Vellutino, Fletcher,
Snowling, & Scanlon, 2004). It has been well established
that individuals with LD perform poorly on tasks measur-
ing RAN, phonological awareness, and the phonological
loop (Melby-Lervag et al, 2012; Swanson, Zheng, &
Jerman, 2009; Wolf, Bowers, & Biddle, 2000). It is assumed
that these phonological impairments stem from under-
specified phonological representations (the phonological
representation hypothesis; for an overview, see Snowling,
2000); that is, learners with LD may take longer to retrieve
phonological representations (RAN deficit), maintain
them (phonological loop deficit), and struggle with ana-
lyzing and operating on them (phonological awareness
deficit). In contrast and based on other studies, Ramus
and colleagues (Ramus, Marshall, Rosen, & van der Lely,
2013; Ramus & Szenkovits, 2008) argued that the phono-
logical representations of individuals with LD may be
intact but not the access to these representations: “The
phonological deficit surfaces only as a function of certain
task requirements, notably short-term memory, conscious
awareness, and time constraints” (Ramus & Szenkovits,
2008, p. 139).

Besides the ambiguity of the nature of the phonologi-
cal deficit in young learners with LD (i.e., whether it is a
deficit in the phonological representation or a deficit in
the processing of phonological representation), the pho-
nological deficit theory is widely accepted. Yet, the theory
raises no clear assumptions about the developmental tra-
jectories that the phonological processing deficits take in
learners with LD. Despite its importance for theoretical
explanations of LD, this question has received relatively
little attention in research because previous longitudinal
studies on LD have mainly been concerned with develop-
mental changes in academic achievement, such as read-
ing and spelling (for an overview, see Pfost et al., 2014),
rather than the development of potential underlying defi-
cits in phonological processing.

Developmental Trajectories:
Deficit Model Versus Developmental
Lag Model

From a longitudinal perspective, (at least) two different
developmental models have been considered in research
focused on the academic development in young learners
with LD (Francis, Shaywitz, Stuebing, Shaywitz, & Fletcher,
1996; Pfost et al., 2014). Both models rely on the assump-
tion that the relation between phonological processing and
reading is bidirectional and causally related, as several
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studies revealed that phonological processing affects sub-
sequent reading and spelling, and vice versa (e.g., Bast &
Reitsma, 1998; Castles & Coltheart, 2004; Torgesen et al.,
1997).

One theoretical perspective is the developmental lag
model (Francis et al., 1996; Stanovich, Nathan, & Zolman,
1988). At the heart of this model is the assumption that
learners differing in literacy skills vary in their develop-
mental rate with respect to their underlying cognitive and
phonological skills: It is assumed that these skills will
develop over time. That is, as learners get older, they may
overcome their initial cognitive deficits and catch up in
their proficiency levels. A strong version of the develop-
mental lag model would even claim that learners with LD
might catch up with their average-achieving peers.
Consequently, performance differences between learners
with and without LD should be weaker in older learners
than in younger learners, or even absent.

In contrast, the (developmental) deficit model (Francis
et al., 1996; Stanovich & Siegel, 1994) assumes that young
students with LD perform poorly on reading and phono-
logical tasks because skills have not developed adequately.
According to Denckla (1979), the deficit model implies an
atypical underlying cognitive or neurological structure in
learners with LD. Within this approach, two assumptions
are prevalent. First, there is the assumption of high inter-
individual rank-order stability. Importantly, this does not
imply a stagnation of reading or spelling development
and related cognitive skills in students with LD. Instead,
those students further develop their skills but usually con-
tinue to lag behind their typically achieving peers, so there
remains a constant gap between the two groups.

The second assumption is that the differences between
learners with LD and without LD might increase over
time. Those increasing differences might be attributed
either to a cascading deficit model or to a “rich get richer and
poor get poorer” effect (i.e., Matthew effect; Stanovich,
1986), respectively. According to the former model, a lack
of phonological processing (or likewise, a lack of reading
and spelling skills) in early development leads to a lack of
effectively using the learning opportunities provided in
school. This, in turn, leads to reduced (i.e., flatter) devel-
opmental trajectories in these young learners as com-
pared with their same-age peers. In other words, the
performance of learners with LD still improves through-
out development, but their developmental rates get
smaller as compared with the developmental rates of their
peers. According to the “rich get richer” effect (Stanovich,
1986), differences in reading and other reading-related
skills between young learners with and without LD
increase as students without LD show cumulative perfor-
mance gains over time. Likewise, the “poor get poorer”
effect would suggest that students with LD show progres-
sively worsening of reading and reading-related skills. In
other words, throughout development, the absolute skill



level of these students would decrease because their
developmental rates are negative. Different and partly
interrelated mechanisms contribute to the described
increasing group differences: First, high-performing
readers are more intrinsically motivated to read and write,
and hence, they receive more practice in these skills than
do low-performing readers. Second, because of their
larger knowledge base, skilled readers take advantage of
the learning opportunities at school faster and more effi-
ciently than do less skilled readers. Third, some cognitive
skills (e.g., phonological processing) share a reciprocal
relation with reading, and poor reading skills may there-
fore inhibit growth in these cognitive skills. For example,
young readers with early deficits in phonological process-
ing develop LD (i.e., they read less fluently, comprehend
less, and misspell words), leading to less motivation to
read, possibly meaning that they learn and comprehend
less, in turn impeding their reading and cognitive devel-
opment further (i.e., the gap widens; Bast & Reitsma,
1998; Stanovich, 1986; Wagner, Torgesen, & Rashotte,
1994).

The Development of Phonological
Processing in Students With LD

Against this backdrop, the question arises as to whether
the cognitive mechanisms that underlie LD can also be
described based on the developmental pattern observed
regarding academic development in students with LD.
This information would be relevant for intervention and
diagnostics: If, for example, differences in phonological
processing abilities between students with and without
LD decrease over time, these phonological processes
could only be a relevant diagnostic feature at a very spe-
cific age, when the deficit is still present (i.e., developmen-
tally limited diagnostic features as supposed by Stanovich,
1986). Further, it could be argued that training in phono-
logical skills would not be necessary or would only accel-
erate a development that would happen anyway (Francis
et al,, 1996). In contrast, if a persistent deficit in students
with LD was to be expected, these students could be iden-
tified with the help of phonological processing irrespec-
tive of age and might benefit from intervention of
phonological processing at any time.

However, extant empirical evidence regarding the
development of phonological processing in young students
with LD is still scarce in comparison with empirical evi-
dence for the development of literacy skills. Nevertheless,
one major finding from cross-sectional studies is that defi-
cits in phonological processing continue to characterize
older students or adults with LD as compared with typi-
cally reading peers (for an overview, see Melby-Lervag
et al., 2012; Swanson et al., 2009; Swanson & Hsieh, 2009),
thus pointing to the deficit model. However, cross-sectional
studies do not allow conclusions about whether differences

between learners with and without LD decrease, increase,
or remain stable over time.

Among the few existing longitudinal studies focused
on the development of phonological processing in young
students with LD, some have provided empirical evidence
for the deficit model, and others have provided empirical
evidence for the developmental lag model. For example, de
Jong and van der Leij (2003) analyzed the development of
Dutch students with and without LD from kindergarten
through sixth grade. The authors reported increasing dif-
ferences regarding RAN and phonological awareness at the
phoneme level from kindergarten through grade 1. By the
end of elementary school, however, phonological aware-
ness deficits were only evident in high-demanding tasks
that required the complex and dynamic manipulation and
processing of phonemes (e.g., nonword phoneme dele-
tion), whereas no difference between the LD and non-LD
groups was found in more simple phonological awareness
tasks (e.g., thyme categorization). Moreover, differences
regarding RAN increased from grade 1 to grade 6, indicat-
ing that the developmental trajectory of this cognitive skill
in students with LD fits a deficit model. Similar results were
found by Korhonen (1995): Initial deficits in nonalphanu-
meric RAN, reading, and spelling at the age of 9 persisted
until the age of 18 in Finnish students with reading and
naming deficits.

These latter results are, however, in contrast to those
from a study conducted by Georgiou and Stewart (2013),
who found decreasing yet still statistically significant per-
formance differences in alphanumeric and nonalphanu-
meric RAN between good and poor readers from first to
third grade, which would support a developmental lag
model. Likewise, in their cohort study, Kuppen and
Goswami (2016) assessed students ages 6-10 and found
further support for a developmental lag model of RAN, as
initial naming deficits between poor and good readers
decreased with age.

In a longitudinal study by Dandache, Wouters, and
Ghesquiére (2014), the development of literacy and pho-
nological skills of Dutch students with LD, typically
achieving students at risk for LD, and typically achieving
students with a low risk for LD were followed from kin-
dergarten through grade 6. The authors reported persis-
tent deficits in students with dyslexia in phonological
awareness and RAN in comparison with both groups
of students without LD between first and sixth grades.
Differences among the three groups regarding the pho-
nological store component of the phonological loop
(assessed with nonword repetition tasks) were no longer
present at grade 6; thus, students with LD had caught up
with their peers, supporting the developmental lag model.
Challenging this result, Fischbach, Konen, Rietz, and
Hasselhorn (2014) followed German students with and
without LD from grade 4 to grade 6 and thoroughly
examined the developmental trajectories in the various
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subprocesses of the phonological loop. The results re-
vealed that different developmental patterns are in place:
Whereas the structural capacity of the phonological
store (assessed with nonword repetition) seemed to be
intact in students with LD (in line with the results
reported by Dandache et al., 2014), deficits in the func-
tional capacity of the phonological loop (assessed with
digit span) persisted from grade 4 to grade 6. More
importantly, during the course of grade 5, students with
LD started to develop an additional deficit in the rehearsal
component of the phonological loop (as suggested by
lower articulation rates), which was yet not apparent in
grade 4. Likewise, results of the aforementioned study by
Korhonen (1995) also pointed to a persisting deficit in
phonological short-term storage in LD between age 9 and
age 18, thus supporting the deficit model.

The Present Study

To sum up, phonological processing deficits in students
with LD are frequently observed. However, the pattern of
developmental trajectories of phonological processing in
students with LD is not clear, as the empirical evidence is
not only scarce but also relatively inconsistent. Not all of
the previous studies outlined the growth of phonological
processing skills over the elementary school years, as only
a few studies focused longitudinally on the developmen-
tal trajectories of phonological processing.

In addition, there were some weaknesses in the longitu-
dinal studies on LD (e.g., small sample sizes, not consider-
ing all aspects of phonological processing). Consequently,
our goal in the present study was to examine the develop-
mental trajectories of phonological processing in upper
elementary students with LD and typically achieving peers
from grade 3 to grade 5. We aimed to investigate in which
aspects of phonological processing the two groups of stu-
dents differ at grade 3 (research question 1) and how these
phonological skills develop over the considered period
(research question 2). Specifically, we asked which theoreti-
cal model of development (i.e., deficit vs. developmental lag
model) best fits the longitudinal changes in phonological
information processing in students with and without LD.
Following existing empirical evidence, we expected perfor-
mance differences in phonological processing in favor of
typically achieving students at grade 3. We further expected
a persistent deficit in RAN, phonological awareness, and
the phonological loop.

Last but not least, previous heterogeneous results con-
cerning phonological processing in young learners with
LD may be the consequence of not considering the comor-
bidity of spelling difficulties in learners with reading dif-
ficulties, and vice versa. This seems to be particularly
important when examining transparent orthographies
such as German, as dissociations between reading and
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spelling skills are much more common (Moll & Landerl,
2009) than in English and have been found to be associ-
ated with slightly different cognitive profiles. For example,
in a study by Wimmer and Mayringer (2002), deficits in
phonological awareness prior to school entry were only
found in German poor spellers, not in dysfluent readers.
In contrast, a nonalphanumeric RAN deficit prior to
school entry was only reported for children who later
went on to develop a deficit in reading fluency, not in
spelling. Deficits in the phonological loop, however, seem
to be evident in both German reading and spelling deficits
(Brandenburg et al., 2015). Consequently, examination of
potential differences in the respective developmental tra-
jectories is warranted.

In fact, spelling difficulties were obvious in some of
the previous studies on LD, and some even reported sta-
tistically significant differences in spelling (Dandache
etal., 2014; de Jong & van der Leij, 2003; Korhonen, 1995;
see also the studies analyzed by Melby-Lervag et al,
2012). Hence, it remains unclear whether deficits in pho-
nological processing or different developmental trajecto-
ries for young learners with and without LD are indeed
related to reading difficulties or might (also) be related to
comorbid spelling difficulties. To consider this possibility,
we assessed both reading and spelling in our LD sample,
as this allowed us to examine potential differences that
may exist between various subtypes of LD.

Method

Recruitment of the Participants

To recruit students with and without LD, 2,195 students
(mean age = 8 years 8 months, standard deviation [SD] =
5 months; 49% girls) attending regular elementary schools
in Germany were screened in 2011 at the end of grade 2
or at the beginning of grade 3. By this means, LD was
diagnosed at the earliest point at which the diagnosis is
considered reliable. Students completed standardized and
norm-referenced tests for nonverbal intelligence, reading,
spelling, and mathematics.

Inclusion Criteria

For defining students with LD, we used cutoff criteria
recommended in German diagnostic guidelines (Deutsche
Gesellschaft fiir Kinder- und Jugendpsychiatrie, Psycho-
somatik und Psychotherapie (German Society for Child
and Adolescent Psychiatry, Psychosomatics and Psycho-
therapy; 2015) and most frequently used in German edu-
cational or clinical settings (Moll, Wallner, & Landerl,
2012). Students were diagnosed as having LD if they
scored at least one standard deviation below average
(T < 40; the mean of the T-scale is 50, with a SD of 10) in
the standardized reading or spelling test while having at



least average nonverbal intelligence (IQ > 85) and math-
ematics scores of at least T > 45. We set the cutoff score
for mathematical abilities at T > 45 to ensure that stu-
dents with LD did not have additional math difficulties,
which might have resulted in rather heterogeneous cog-
nitive deficits. According to the latest International
Classification of Diseases (World Health Organization,
2018), we additionally considered the IQ-discrepancy
criterion for defining LD: Students showed a discrepancy
of at least 1.2 standard deviations between their literacy
achievement and their nonverbal IQ. By using these cri-
teria for defining LD, the sample best represented the
subpopulation of schoolchildren in Germany usually
referred to as having LD. In contrast, students were
assigned to the control group if they showed average read-
ing, spelling, and mathematics skills (i.e., each T'>45) and
had an average nonverbal intelligence (IQ = 85).

Screening Measures

To assess reading skills, a test covering reading fluency and
reading comprehension was used (Ein Leseverstindnistest
fr Erst- bis Sechstkléssler [ELFE 1-6; A reading compre-
hension test for grades 1 to 6]; Lenhard & Schneider, 2006).
Decoding speed was assessed with the first subtest: The
students’ task was to identify the correct word out of four
words that corresponded to a given picture (72 items). In
the second subtest, students needed to complete 28 sen-
tences by choosing one out of five words. In the last sub-
test, 20 short texts were presented, and students had to
answer multiple-choice questions about them. As all sub-
tests are limited in time, the ELFE 1-6 is designed as a
speed test rather than a power test. Whereas the first sub-
test measures primarily decoding speed, the second and
third subtests also measure reading comprehension.
Internal consistency is high, with Cronbach’s alphas be-
tween .92 and .94.

Spelling skills were assessed using a dictation for sec-
ond and third graders (Weingartener Grundwortschatz

Rechtschreib-Test fir zweite und dritte Klassen [Wein-
gartens spelling test of basic vocabulary for second and
third grades]; Birkel, 2007). In this test, 43 orally dictated
familiar words have to be written. Internal consistency is
high (Cronbach’s a = .94). To control for potential comorbid
difficulties in mathematics, a standardized math test was
administered (Cronbachs a = .91; Deutscher Mathematiktest
fiir zweite Klassen [German mathematical test for second
grade]; Krajewski, Liehm, & Schneider, 2004). Fluid intelli-
gence was measured with the nonverbal Culture Fair
Intelligence Test (Cattell, Weif3, & Osterland, 1997), consist-
ing of figural material (e.g., identification of similarities, fig-
ure classifications). Split-half reliability is .92 for the age
groups studied.

Main Study
Participants

Subsequent analyses are based on a sample of 209 stu-
dents, with an oversampling of students with LD
(n = 109). Some of the students with LD in our study
showed deficits in reading only (n = 35), in spelling only
(n = 36), or in both domains (n = 38). Students with LD
did not differ from students in the control group in terms
of age, F(1,207) = 2.59, p = .11, d = 0.22; nonverbal intel-
ligence, F(1, 207) = 0.71, p = .40, d = 0.12; and mathemat-
ics, F(1, 207) = 047, p = .49, d = —0.10. As intended,
groups significantly differed with regard to reading, F(1,
207) = 186.73, p < .001, d = —1.93; and spelling perfor-
mance, F(1,207) = 263.07, p <.001, d = —2.25; as typically
achieving students outperformed students with LD.
Sample details are provided in Table 1.

Slightly more boys (61%) than girls were in the sam-
ple, x3(1, N = 209) = 9.69, p = .002. Approximately 7% of
the students claimed to speak with at least one parent a
language other than German, but there was no systematic
relation between the language spoken at home and group
membership, x*(1, N = 182) = 3.97, p = .14. To obtain a

TABLE1
Descriptive Statistics as a Function of Group
Control group (n = 100) LD group (n = 109)

Measure M sD M SD
Age at screening 8 years 6.16 months 4.86 months 8 years 7.36 months 5.80 months
Socioeconomic status 8.79 1.08 8.60 1.19
Intelligence (1Q score) 106.86 11.19 108.07 9.68
Mathematics (T-score) 53.98 5.49 53.40 6.53
Reading (T-score) 53.53 5.91 39.86 8.03
Spelling (T-score) 51.36 5.75 37.77 6.31

Note. LD = students with specific learning disabilities in reading or spelling.
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measure of socioeconomic status, we computed a com-
posite in which the graduation level (1 = no graduation;
2 = graduation after grade 9 or 10; 3 = graduation after
grade 11 or higher) and the employment status (1 = no
employment; 2 = full- or part-time employment) of the
father was considered. Accordingly, higher values repre-
sent higher socioeconomic status, with a maximum of 5.
The mean socioeconomic status of the sample was 4.42
(SD = 0.63), with no differences between the groups, F(1,
167) = 2.08, p = .15, d = 0.22. Written informed parental
consent was obtained for all students prior to testing.
Participation was voluntary, and consent could be with-
drawn at any time without giving a reason.

There were three measurement points of phonologi-
cal processing in the main study, with individual measure-
ments at grade 3 (wave 1; approximately half a year after
the screening), grade 4 (wave 2), and grade 5 (wave 3).
Students were tested once a year, approximately 11-12
months apart. During the course of the study, 38% of stu-
dents dropped out of the study (34 at wave 2 and 48 at
wave 3). On most variables, there were no statistically sig-
nificant differences between students who dropped out
prematurely from the study and those who completed the
study. Further details of the sample (i.e., extent of attrition
and strategies to deal with it) are provided in Appendix A.

Assessment of Phonological Processing

To measure lexical access from long-term memory, four
different RAN tasks were used. Specifically, students had
to name alphanumeric (letters and digits) and nonalpha-
numeric items (colors and objects). Items were presented
in five rows, with 10 items per row, on a piece of paper. We
used naming times (in seconds) for each of the four sub-
tests as dependent variables. The Cronbach’s alphas for
RAN were .71 at wave 1, .80 at wave 2, and .79 at wave 3.
Phonological awareness was measured by three tasks
(vowel substitution, vowel length, and phoneme reversal)
from a German standardized test (Basiskompetenzen fiir
Lese-Rechtschreibleistungen: ein Test zur Erfassung der
phonologischen Bewusstheit vom ersten bis vierten
Grundschuljahr [Basic skills for reading and spelling: A test
for measuring phonological awareness from first to fourth
grade]; Stock, Marx, & Schneider, 2003). All items were pre-
sented using a computer with speakers. Preceding each
task, students received an explanation and two practice tri-
als. If a student answered three consecutive items within a
subtest incorrectly, testing was stopped. In the vowel substi-
tution task, students were asked to substitute every occur-
rence of /a/ with /i/ within eight orally presented words
and four nonwords. To complete this task properly, stu-
dents needed to identify the vowel sounds to be replaced
and insert the new vowel sound in the correct position(s).
In addition to the occurrence of /a/ sounds, other vowel
sounds were presented, so students needed to be careful
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not to change those other vowel sounds (e.g., mathema-
tik [mathematics]). Sample-based internal consistencies
(based on the Kuder-Richardson formula due to the
dichotomy of the item scoring) were .81 at wave 1, .69 at
wave 2, and .70 at wave 3. To solve the vowel length task,
which consisted of 10 trials, students had to decide which
nonword out of four orally presented nonwords with the
same vowel sounded different due to differences in vowel
length (e.g., /re:m/, /fexr/, /nel/, /be:f/). Internal consisten-
cies were .76,.74, and .67 for the waves studied, respectively.
In the phoneme reversal task, students had to reverse the
phoneme sequences of orally presented words and non-
words so (four) new words and (14) nonwords emerged.
Internal consistencies were .91 at wave 1, .90 at wave 2, and
.87 at wave 3. For each task, we used the number of correct
trials as a dependent variable for subsequent analyses.

Three subtests (two word span tasks and a digit span
task) of a computer-based, standardized German test
(Arbeitsgeddchtnistestbatterie fiir Kinder von 5 bis 12
Jahren [Working memory test battery for children ages
5 to 12 years]; Hasselhorn et al., 2012) were used to
measure storage capacity of the phonological loop.
Computer-presented instructions and two practical tri-
als preceded each subtest. The word span tasks and digit
span task each included 10 trials following an adaptive
algorithm. In the word span tasks, sequences of two to
nine words (one or three syllables long depending on
the subtest) were presented acoustically, and students
had to recall them immediately afterward in the same
order in which they had been presented. Sample-based
internal consistencies for the monosyllabic word span
task were .91 at wave 1, .94 at wave 2, and .91 at wave 3.
For the trisyllabic word span task, internal consistencies
were .85, .88, and .89, respectively. The digit span task
worked in the same way, with sequences of two to nine
digits instead of words. Internal consistencies for the
three waves were .92, .89, and .90, respectively. For each
subtest, we used the mean of the last eight trials as a
dependent variable.

Statistical Analyses

We used Mplus version 7.11 (L.K. Muthén & Muthén,
2010) for all analyses. For all statistical analyses, we set the
alpha level at p < .05.

Due to attrition (i.e., dropout, nonmonotone missing
values), approximately 20% of the data were missing.
Little’s missing completely at random test resulted in a
statistically nonsignificant result, x*(545, N = 209) = 88.50,
p = .10; thus, indicating that no identifiable pattern exists
to missing data. We applied statistical methods that ana-
lyze the data without loss of information. Thus, we used
the multiple linear regression (MLR) estimator, which

treats missing values with the full information maximum
likelihood (FIML) method.



Before we started our analyses, we had to ensure that
it was justified to subsume the low-achieving students
together in one LD category. This was necessary because
our classification criteria selected students with deficits in
reading and/or spelling. As outlined earlier, because some
research has indicated that reading difficulties in trans-
parent orthographies might be accompanied with other
phonological processing deficits than spelling difficulties,
subsuming these various subtypes of LD is not justified a
priori and should be tested statistically instead.

We thus conducted a multiple-indicators, multiple-
causes (MIMIC) model, in which reading and spelling
difficulties were both entered as covariates and then
tested for equality of their parameter estimates. This anal-
ysis (as shown in Appendix B) revealed no performance
differences in phonological processing between reading
and spelling difficulties, neither for the initial perfor-
mance level at grade 3 nor for the successive develop-
ment. These findings let us to combine the students into
one LD group, whose performance was then compared
with the control group via multigroup latent change score
(LCS) modeling.

There were two principal steps to this main analysis.
First, we established the measurement model for each
phonological processing construct by testing separate
three-factor oblique models in which the factors repre-
sented the three testing waves. For RAN, we modeled two
measurement models, one representing the alphanumeric
measures and the other representing the nonalphanu-
meric measures. We introduced this separation by stimu-
lus type because previous studies have demonstrated
performance differences between alphanumeric and non-
alphanumeric stimuli in school-age learners with LD
(e.g., van Daal & van der Leij, 1999; van den Bos, Zijlstra,
& lutje Spelberg, 2002). We were therefore interested in
whether this was also true for the developmental course
of these skills. To ensure that the latent factors represented
the same underlying construct across groups and time,
we set both the factor loadings and the manifest inter-
cepts as invariant across groups and testing waves (Byrne,
2013). In addition, we also included factors that accounted
for indicator-specific variance across time (i.e., common
variance between one and the same phonological pro-
cessing task across the three testing waves), as suggested
by Geiser (2012). Following Hu and Bentler (1999), a
good fit to data was indicated by (a) a comparative fit
index (CFI) with values of approximately 0.95, (b) a root
mean square error of approximation (RMSEA) with val-
ues of approximately 0.06 or less, and (c) a statistically
nonsignificant chi-square test. Additionally, we used the
ratio x*/df, where a ratio of <2 indicates an acceptable
model fit (Ullman, 2007).

Second, having established the measurement models,
we next applied LCS models (McArdle, 2009) to examine
and compare the longitudinal development of phono-

logical processing across the two groups. LCS has several
advantages over more traditional longitudinal models,
such as a repeated-measures analysis of variance. For
example, the developmental differences between mea-
surement points can be directly estimated in the LCS
model, whereas in analysis of variance, developmental
change is tested in a more indirect way, namely, via the
interaction between groups and measurement points.
Thus, LCS modeling allows researchers to test their
hypotheses on developmental trends in a more flexible
manner. LCS models, as with other structural equation
modeling techniques, have the additional advantages
that the hypothesized models can be tested against the
data and evaluated through goodness-of-fit indexes and
that models of varying complexity can be compared
(Heck & Thomas, 2015).

In LCS, developmental change is modeled by introduc-
ing latent variables (i.e., latent change factors), which repre-
sent the discrete performance changes between two
timepoints. (See Appendix C as an example of the latent
change model for the nonalphanumeric RAN measures.)
For LCS modeling, we applied a three-step testing proce-
dure in which different equality constraints were imposed
on the LCS models. In the second and third testing steps, we
used nested model comparison to assess whether the more
restrictive model was preferable to the less restricted model.
Because we used the MLR estimator, changes in model fit
were examined with the Satorra-Bentler scaled chi-squared
difference test (ASB-x% Satorra & Bentler, 2001). A statisti-
cally nonsignificant value for this statistic implies that the
restrictive model fits the data just as well as the less restric-
tive comparison model (Wang & Wang, 2012).

The three-step testing procedure was as follows: (1) We
started by testing the unrestricted model, in which the
baseline factor and the two latent change factors were esti-
mated freely across groups and time (i.e., without imposing
equality constraints on latent factor means). This unre-
stricted model served as a reference to which we compared
the more restrictive models that followed. (2) Next, we
examined whether the groups showed comparable perfor-
mance levels at grade 3. To this end, we constrained the
latent mean of the baseline factor to be equal across both
groups of students. We then statistically compared this
restricted baseline model with the unrestricted model. A
statistically nonsignificant result would indicate that the
performance levels at grade 3 were comparable between
the groups, whereas a statistically significant result would
suggest that students with LD showed lower performance
at grade 3 than did students in the control group. (3) Finally,
we investigated the longitudinal development across the
groups. To this end, we constrained the means of the latent
change factors to be equal across both time and group. This
maximum restricted longitudinal model implies linear
development across testing waves, as well as parallel devel-
opment across the two groups. Again, we statistically
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compared this model with the unrestrictive model (as the
latter model implies nonsystematic development across
both group and time). A statistically nonsignificant result
would indicate that the maximum restricted longitudinal
model with linear and parallel development best described
the longitudinal development across time and group. In
contrast, a statistically significant result would indicate that
the maximum restricted model did not hold. In this case,
variations of this model would also be tested to trace the
developmental trajectories that best fit the data.

Results

Data Screening

Table 2 shows descriptive statistics of the phonological pro-
cessing measures as a function of group and testing wave.
First, we evaluated whether the data met basic assumptions
of structural equation modeling: There was no problem
with multicollinearity because none of the zero-order cor-
relations between the manifest variables within testing
wave was above .80 (see Appendix D). Furthermore, we
checked the data for univariate outliers, classified as cases
more than 3.5 standard deviations from the samples
means: Of the 6,270 values in the data set, 19 were univari-
ate outliers (eight students in the LD group and 11 students
in the the control group). We deleted these values from fur-
ther analyses. In addition, we identified two cases (one for
each group) as multivariate outliers through Mahalanobis
distance and also deleted them. There was no evidence that
the assumption of univariate normality distribution was
violated, because all measures showed skewness less than 3
and kurtosis less than 4. Nevertheless, Mardia’s test of mul-
tivariate normality (Mardia, 1974) revealed a violation of
the assumptions of multivariate skewness and kurtosis.
Therefore, we tested models using the MLR estimator,
which is robust to nonnormal data (Wang & Wang, 2012).

Measurement Models

Standardized factor loadings of the measurement mod-
els are provided in Table 2. For alphanumeric RAN, the
measurement model provided a good fit to the data,
X(17) = 21.79, p = .19; ¥*/df < 2; RMSEA = 0.05, 90%
confidence interval (CI) [0.00, 0.11]; CFI = 0.99. The
same applied to the nonalphanumeric RAN model,
¥X(17) = 12.81, p = .74; /df < 2 RMSEA = 0.00, 90% CI
[0.00, 0.08]; CFI = 1.00. For phonological awareness,
however, the measurement model showed a slightly
worse fit, x*(58) = 79.36, p = .03; x*/df < 2; RMSEA = 0.06,
90% CI [0.02, 0.09]; CFI = 0.93. Whereas the x*/df ratio,
the CFI, and the RMSEA were in the acceptable range,
the chi-squared statistic slightly missed conventional
levels. However, the chi-squared statistic is relatively sen-
sitive to sample size and thus no longer recommended as
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a sole basis for evaluating model fit (Schermelleh-Engel,
Moosbrugger, & Miiller, 2003). Modification indexes
revealed that a correlated residual between vowel substi-
tution and vowel length at grade 5 could be included in
the model to improve fit. However, because we had no
theoretical or empirical reason to do so, we did not
engage in this post hoc model specification and instead
decided to go with this slightly worse fit. For the phono-
logical loop, the measurement model provided a good fit
tothedata, x%(58) =67.21,p=.19; x*/df <2, RMSEA = 0.04,
90% CI [0.00, 0.08]; CFI = 0.99.

LCS Models

We next modeled the unrestricted LCS models. As this
type of model is statistically equivalent to the measure-
ment models established before, the models show the
same model fit and are thus not further described here.

Group Differences at Grade 3

With our first research question, we aimed to investigate
in which aspects of phonological processing the two
groups of students differed at grade 3. We therefore speci-
fied the restricted baseline models and compared this
type of model to the unrestricted LCS models.

Concerning alphanumeric RAN, the restricted base-
line model showed the following fit indexes: x*(18) = 37.18,
p = .01 x¥/df > 2; RMSEA = 0.10, 90% CI [0.05, 0.15];
CFI =0.95. When we compared this model with the unre-
stricted model, the chi-squared difference test was statisti-
cally significant, ASB-x* = 59.46, Adf = 1, p <.001; thus, we
rejected the restricted baseline model. This result indi-
cates that the LD group showed slower alphanumeric
naming speed at grade 3 than did the control group. We
therefore released the equality constraints on the baseline
factors because the unrestricted model holds.

For the nonalphanumeric RAN, model fit for the
restricted baseline model was as follows: x*(18) = 14.10,
p = .07; x*/df < 2; RMSEA = 0.00, 90% CI [0.00, 0.07];
CFI = 1.00. When we compared this model with the unre-
stricted model, the chi-squared difference test showed a
statistically nonsignificant result, ASB-x* = 1.34, Adf = 1,
p =.25. That is, the restricted baseline model could not be
rejected. Hence, this result suggests that the control group
and the LD group did not differ in their nonalphanumeric
naming speed at grade 3; their initial performance level
was comparable. The equality constraints on the baseline
factors could thus not be released because the restricted
baseline model holds. Accordingly, with respect to our
second research question (see the third testing step
below), we used this restricted baseline model rather than
the unrestricted model as a reference model.

With respect to phonological awareness, the
restricted baseline model showed the following fit
indexes: X*(59) = 132.25, p < .001; x*/df > 2; RMSEA =
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0.11, 90% CI [0.08, 0.13]; CFI = 0.77. When we com-
pared this model with the unrestricted model, the chi-
squared difference test was statistically significant,
ASB-x? = 28.18, Adf = 1, p < .001. This result indicates
that the LD group showed lower performance in phono-
logical awareness at grade 3 than did the control group.
We therefore released the equality constraints on the
baseline factors because the unrestricted model holds.
Finally, with respect to the phonological loop, the
restricted baseline model provided the following fit
indexes: X*(59) = 71.75, p = .12; ¥*/df < 2; RMSEA = 0.05,
90% CI [0.00, 0.08]; CFI = 0.98. When we compared this
model with the unrestricted model, the chi-squared differ-
ence test was statistically significant, ASB-y? = 4.65, Adf=1,
p = .03; thus, we rejected the restricted baseline model.
This result suggests that the LD group showed lower pho-
nological loop at grade 3 than did the control group.
Hence, we released the equality constraints on the baseline
factors because again the unrestricted model holds.

Developmental Trajectories
of Phonological Processing

With our second research question, we wanted to investi-
gate how the phonological skills develop in students with
and without LD over the considered period (from grade 3
to grade 5). The latent means of the phonological process-
ing variables for the two groups are displayed in Figure 1.

With respect to alphanumeric RAN, the maximum
restricted longitudinal model showed the following fit
indexes, x*(20) = 41.18, p <.001; x*/df > 2; RMSEA = 0.10,
90% CI [0.06, 0.15]; CFI = 0.94. When we compared this
model with the unrestricted model, the chi-squared differ-
ence test was statistically significant, ASB-y* = 25.82,
Adf =3, p < .001. This result suggests that the maximum
restricted longitudinal model does not hold because it
poses too many equality constraints on the developmental
trajectories. We therefore specified less restrictive varia-
tions of this model. However, the restrictive model of linear
but nonparallel development showed only a poor fit to the
data, ¥*(19) = 33.01, p = .02; x*/df < 2; RMSEA = 0.08, 90%
CI [0.03, 0.13]; CFI = 0.96; as did the restrictive model of
nonlinear development across time but parallel develop-
ment between groups, x*(19) = 32.57, p = .03; X*/df < 2;
RMSEA =0.08, 90% CI [0.03, 0.13]; CFI = 0.96. Inspection
of the latent means revealed that the control group showed
only marginal performance gains from grade 4 to grade 5,
which allowed the LD group to catch up, so they reached a
performance level at grade 5 comparable to their typically
achieving peers. This latent mean pattern is best described
by decreasing group differences. To test this model statisti-
cally, we fixed all latent change factors to be equal except
the second one, the latent difference in RAN for alphanu-
meric stimuli between the third testing wave (time 3; t3)

and the second testing wave (time 2; t2; t3RAN_-t2RAN)),
in the control group. This model provided a good fit to the
data, y2(19) = 24.66, p = .17; y¢/df < 2; RMSEA = 0.05, 90%
[CI[0.00,0.11]; CFI =0.99. In addition, when we tested this
model against the unrestricted model, the chi-squared dif-
ference test was statistically nonsignificant, ASB-y* = 2.94,
Adf = 2, p = .23; providing further support in favor of
decreasing differences. That is, initial group differences in
alphanumeric naming speed at grade 3 had disappeared by
grade 5: for time 1 (t1) performance (LD group M — con-
trol group M), 34.05 — 30.87 = A3.1; for t3 performance
(LD group M — control group M), 24.49 — 24.53 = A—0.04.

For nonalphanumeric RAN, model fit of the maxi-
mum restricted longitudinal model was as follows:
XA(21) = 19.87, p = .53; x¥/df < 2; RMSEA = 0.00, 90% CI
[0.00, 0.08]; CFI = 1.00. When we compared this model
with the restricted baseline model, the chi-squared differ-
ence test showed a statistically nonsignificant result, ASB-
x* = 5.52, Adf = 3, p = .14. This result suggests that the
control group and the LD group showed the same linear
developmental trajectories for nonalphanumeric stimuli.

The maximum restricted model of the phonological
awareness measures had the following fit indexes:
XX(61) = 80.14, p = .05; x¥/df < 2; RMSEA = 0.06, 90% CI
[0.00, 0.09]; CFI = 0.94. It is worth mentioning that this
model overcomes the initial slightly poorer fit of the
unrestricted model and the measurement model, respec-
tively. In line with this, when we compared this model
with the unrestricted model, the chi-squared difference
test was statistically nonsignificant, ASB-x* < 1, Adf = 3,
p = .82. This result indicates that the developmental tra-
jectories of phonological awareness are best described by
linear development across testing waves and parallel
development across groups.

Finally, concerning the phonological loop, the maxi-
mum restricted longitudinal model provided the following
fit indexes: x(61) = 77.71, p = .07; x*/df < 2; RMSEA = 0.05,
90% CI [0.00, 0.08]; CFI = 0.98. When we compared this
model with the unrestricted model, the chi-squared differ-
ence test was statistically significant, ASB-x* = 11.83, Adf =3,
p = .01. As before with the alphanumeric RAN model, this
result suggests that the maximum restricted longitudinal
model does not hold because it poses too many equality
constraints on the developmental trajectories. We therefore
specified two less restrictive variations of this model.

On the one hand, we tested a restrictive model of paral-
lel but nonlinear development, which implies parallel
development across groups (i.e., latent change factors con-
strained to be equal across groups) but nonlinear develop-
ment across time (i.e., latent change factors of different
timepoints not fixed to be equal). However, this model pro-
vided an even poorer fit because the chi-squared statistc
now reached statistical significance level, ¥(60) = 79.35,
p = .05; x¥/df < 23 RMSEA = 0.06, 90% CI [0.01, 0.09];
CFI =0.98. On the other hand, we tested a restrictive model
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of linear but nonparallel development, which implies linear
development across testing waves (i.e., latent change factors
of different timepoints constrained to be equal) but non-
parallel development across groups (i.e., latent change fac-
tors of different groups not fixed to be equal). This model
provided an excellent fit to the data, x¥(60) = 72.14, p = .14;
X*/df < 2; RMSEA =0.04, 90% CI [0.00, 0.08]; CFI = 0.99.In
addition, when we tested this model against the unrestricted
model, the chi-squared difference test was statistically non-
significant, ASB-y* = 4.84, Adf =2, p = .09; providing further
support that this model best described the underlying
developmental trajectories. That is, developmental increase
from grade 3 to grade 4 and from grade 4 to grade 5 was
comparable within groups but not between groups. When
looking at the latent means in Table 3, it becomes evident
that this nonparallel development across groups is due to
increasing group differences in the phonological loop from
grade 3 to grade 5: for t1 performance (control group M —
LD group M), 3.93 — 3.76 = A0.17; for t3 performance (con-
trol group M — LD group M), 4.46 — 4.12 = A0.34.

Discussion

In the present study, we addressed a critical issue by
investigating the phonological processing developmental

trajectories in students with LD and compared these stu-
dents with their typically achieving peers by using multi-
group LCS. In particular, German students with and
without LD were followed from grade 3 to grade 5, and
their phonological processing was assessed three times
within this period.

After ensuring that there were no differences in pho-
nological processing as a function of reading versus spell-
ing difficulties, we addressed our first research question
with the aim of replicating a growing body of empirical
evidence supporting the idea of an underlying phonologi-
cal deficit in students with LD. Indeed, our results are in
line with those of previous research (Melby-Lervag et al.,
2012; Swanson, 2003). Accordingly, there were perfor-
mance differences in phonological processing in favor of
the typically achieving students at grade 3 in alphanumeric
RAN, phonological awareness, and the phonological loop.
There were, however, no group differences in nonalphanu-
meric RAN, which further supports the need for dividing
RAN into alphanumeric and nonalphanumeric perfor-
mance, as students with LD performed differently depend-
ing on stimulus type. This result of better performance on
nonalphanumeric RAN than on alphanumeric measures
has been reported in prior studies on LD (van Daal & van
der Leij, 1999; van den Bos et al,, 2002) and seems to be
related, at least to some extent, to the age and literacy

I:tit&?\lleans for Baseline and Change Factors for the Final Latent Change Score Models as a Function of Group
Parameter Control group LD group
Rapid automatized naming for alphanumeric stimuli (RAN,)

Baseline factor t1RAN_ 30.87 34.05
Latent change factor t2RAN_ - t1RAN, -4.78 -4.78
Latent change factor t3RAN_ - t2RAN, -1.56 -4.78
Rapid automatized naming for nonalphanumeric stimuli (RAN.)

Baseline factor t1RAN_ 48.07 48.07
Latent change factor t2RAN - t1RAN_ -3.72 -3.72
Latent change factor t3RAN, - t2RAN_ -3.72 -3.72
Phonological awareness (PA)

Baseline factor t1PA 9.21 5.25
Latent change factor t2PA - t1PA 2.01 2.01
Latent change factor t3PA - t2PA 2.01 2.01
Phonological loop (PL)

Baseline factor t1PL 3.93 3.76
Latent change factor t2PL - t1PL 0.26 0.18
Latent change factor t3PL - t2PL 0.26 0.18

Note. LD = students with specific learning disabilities in reading or spelling; t1 = first testing wave; t2 = second testing wave; t3 = third testing wave;
t2 - t1 = latent difference between the second and first testing waves; t3 - t2 = latent difference between the third and second testing waves.
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experience of the sample. Whereas nonalphanumeric
RAN seems to highly differentiate between LD and non-
LD in kindergarten and the early grades, its relation to lit-
eracy diminishes (as compared with alphanumeric RAN)
during elementary school when students become more
and more literate (van den Bos et al., 2002).

Our second and main focus in this study was to deter-
mine whether the developmental trajectories of phonologi-
cal processing differ between students with and without
LD. To determine the specific developmental pattern across
the two groups, we considered two theoretical models: the
deficit model and the developmental lag model.

A Developmental Lag
for Alphanumeric RAN

For RAN, we expected persistent deficits in students with LD
as compared with typically achieving students over the
course of the three school years. In nonalphanumeric RAN
(i.e., the component in which we did not find initial perfor-
mance differences between groups at grade 3), the students
in the control group and the students with LD continued to
show parallel development in the subsequent years. Contrary
to our expectations, we did not find evidence for a persistent
deficit in alphanumeric RAN but instead found a develop-
mental lag. That is, initial differences in alphanumeric RAN
decreased as students with LD caught up with their typically
achieving peers. This finding is in line with those of several
studies with Anglo-American students (e.g., Kuppen &
Goswami, 2016; Mazzocco & Grimm, 2013). If compared
with results hailing from two studies in non-Anglo-American
countries (de Jong & van der Leij, 2003; Korhonen, 1995), our
result is divergent, as deficits in alphanumeric RAN contin-
ued to characterize older students with LD in these studies.
In both of these studies, however, reading abilities were
assessed using a pure measure of reading fluency, whereas we
used a combined test of reading comprehension and reading
fluency and a spelling test for sample selection. Because RAN
is more closely related to reading fluency than reading com-
prehension or spelling (Aratjo etal., 2015), this might explain
the divergent results. In addition, the LD group in de Jong
and van der Leijs (2003) study belonged to the bottom 3.5%
of their grade level and was, hence, much more severely
affected than the students with LD in the present study,
whose academic performance in reading and spelling
belonged to the bottom 16%. One might speculate that in
very low performing students, initial RAN deficits may con-
tinue to persist a little bit longer.

According to several studies’ findings, the develop-
ment in RAN is not gradual, but rather there are develop-
mental phases in which students improve and those in
which students’ development rests. For example, Siddaiah,
Saldanha, Venkatesh, Ramachandra, and Padakannaya
(2016) investigated the development of RAN in a cohort
study with Indian students from grade 1 to grade 10. The
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authors reported that the rate of increment was not uni-
form across all successive grade levels. Whereas the stu-
dents’ letter-naming speed gradually increased up to grade
4 (and again from grade 5 to grade 6), there was a develop-
mental pause between grades 4 and 5. A possible explana-
tion for this nonuniform growth pattern might lie in the
alternation of speedup processes versus restructuring pro-
cesses. In Georgiou and Stewarts (2013) longitudinal
study, Greek students with and without LD were followed
from first to third grade. The authors reported that only
speedup processes were present in this time period and
that there was a two-year gap between the students with
and without LD; that is, the improvement in the efficiency
with which alphanumeric RAN tasks were performed took
place earlier in non-LD students than in LD students.
Taking the results of these two studies together, we could
assume that between grades 4 and 5, no increase in RAN
performance occurred in our control group because the
speedup processes, which are responsible for the perfor-
mance increase, possibly reached a temporary limit. The
period between grades 4 and 5 could thus be seen as a
developmental break for the control group, with possibly a
further performance increase in RAN after grade 5.
Likewise, students with LD were able to catch up to the
control group because their speedup processes possibly
took place later and had not yet reached a limit or develop-
mental break.

It is worth mentioning that the result of a catch-up by
students with LD is very unlikely to be attributable to
either a RAN intervention effect in the LD group or a ceil-
ing effect in alphanumeric item naming in the control
group. There is some evidence that naming speed cannot
easily be improved through intervention. For example, an
intervention study by de Jong and Vrielink (2004) revealed
no effects of a specific RAN training on either subsequent
RAN performance or reading skills in Dutch students.

Further, there are at least three reasons why we
assumed no ceiling effect in alphanumeric RAN in our
control group. First, ceiling effects in timed data usually
occur if pruned data are used for time recoding (i.e., par-
ticipants’ scores cannot exceed or fall below a specific
value because of an a priori specified threshold). However,
we did not use censored data to assess naming speed and
thus did not restrict the possible range of the data a priori.
Second, inspection of histograms revealed that our nam-
ing time data were equally well distributed across testing
waves and that there was no bump at the lower end of dis-
tribution. Third, we applied the standard version of RAN
that consists of 50 to-be-named items per subtest. This
RAN version has been used in many studies with a wide
age range and has demonstrated sensitivity up to adult-
hood. For example, Mazzocco and Grimm (2013)
observed an average naming time of alphanumeric RAN
of only 13 tol4 seconds among eighth-grade students.
Thus, although, at grade 5, students with LD named digits



and letters as fast as control group students did, this does
not necessarily imply that the development of RAN had
reached an asymptote in our sample, given that much
lower naming times have been reported for older
students.

A Persistent Deficitin
Phonological Awareness

Regarding phonological awareness, we found evidence of
a persistent deficit in students with LD throughout ele-
mentary school. Although students with LD improved in
phonological awareness over the considered years, they
continued to lag behind their typically achieving peers.
This finding is in line with those of cross-sectional and
longitudinal studies (e.g., Dandache et al., 2014; Korhonen,
1995) reporting phonological awareness deficits in older
students or adults with LD.

De Jong and van der Leij (2003) reported that deficits
in phonological awareness in Dutch students with LD
tended to disappear at the end of elementary school.
Although the students in their study were of comparable
age to ours and acquired a relatively transparent orthogra-
phy, there are at least two significant differences. First, de
Jong and van der Leij selected students on the basis of a
pure measure of reading fluency only, whereas our test
covered both reading fluency and reading comprehension,
and we additionally considered spelling performance for
sample selection. Second, the authors used a spoonerism
task that requires segmentation at the onset-rime level
only and could thus be considered a relatively low-demand
task. In contrast, we used phonological awareness tasks
that require processing at the level of phonemes (i.e., rec-
ognizing, manipulating, and reversing of phonemes),
which are more demanding and complex. In a second
cross-sectional study reported in the same article by de
Jong and van der Leij, grade 4 students with LD exhibited
severe phonological awareness deficits when task demands
increased by the inclusion of a nonword phoneme deletion
task, a task quite similar to our vowel substitution task.
Taken together, a persistent deficit in phonological aware-
ness in older students with LD in the learning of a rela-
tively regular writing system might thus be limited to the
level of phonemes and to tasks that are more complex (see
also Landerl & Wimmer, 2000).

This notion raises the question of whether the persis-
tent deficits in phonological awareness that we (and oth-
ers) revealed in older students with LD acquiring a
transparent orthography are genuine deficits in phonolog-
ical awareness or whether they are about memory demands
(i.e., phonological loop, working memory; de Jong & van
der Leij, 2003; Lander] & Wimmer, 2000). According to
Ramus and Szenkovits (2008), the primary deficit in stu-
dents with LD is an impaired verbal short-term memory,
leading to deficits in the processing of phonological

information because “the auditory...representations of
people with dyslexia are intact, but...they have difficulties
accessing them under certain conditions involving storage
in short-term memory, speeded or repeated retrievals,...
and other task difficulty factors” (p. 139). Thus, our finding
of persistent deficits in rather complex phonological
awareness tasks in older students with LD acquiring the
transparent orthography of German may be attributable to
deficits in the phonological loop or potential deficits in
working memory in general rather than in phonological
awareness per se (de Jong & van der Leij, 2003; Lander],
Wimmer, & Frith, 1997).

From a conceptual view, there is one important dis-
tinctive feature in the differentiation between phonologi-
cal awareness tasks and memory tasks, which is the
distinction between implicit and explicit phonological
processing (cf. Hulme & Snowling, 2009). Phonological
loop tasks (e.g., digit or word span) are implicit, as these
tasks require only the access to and the maintenance of
phonological representations but no additional awareness
of the sound structure of these representations because
participants are instructed to simply repeat the presented
item order rather than manipulate the stimuli. Further, in
the case of digit and word span tasks, the phonological
representations are likely to be processed at the lexical
level, as the stimuli are quite familiar.

In contrast, phonological awareness tasks are
explicit, as they require (a) an awareness of (i.e., con-
scious reflection on) language being composed of
sounds and (b) the manipulation of these sounds in
consciousness. Accordingly, they have much in common
with tasks capturing the central executive of Baddeley’s
(1986) working memory model (i.e., the superior system
in working memory that controls ongoing cognitive
processing). Performing those executive tasks requires
one to remember some task elements (i.e., whole words
instead of phonemes, as in the case of phonological
awareness tasks) and ignore or inhibit other elements
while completing task-relevant operations (Swanson et
al., 2009). In fact, a number of attempts have already
been made to specify the nature of different phonologi-
cal awareness tasks (e.g., Oakhill & Kyle, 2000; Snowling,
Hulme, Smith, & Thomas, 1994; Yopp, 1988). Of interest
here is the classification provided by Yopp (1988) as she
separated a simple phonological awareness factor (with
tasks such as segmentation, blending, or sound isola-
tion) and a compound phonological awareness factor in
tasks requiring the short-term maintenance of sounds
during performance of additional operations in working
memory (e.g., reversing or odd-one-out tasks; see also
Baddeley, 1986; Tunmer & Hoover, 1992; Wagner &
Torgesen, 1987). According to this classification, the
rather complex phonological awareness tasks that we
used in our study can be assigned to the compound fac-
tor and thus tap working memory to a greater extent.
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Increasing Group Differences
in the Phonological Loop

Concerning the development of the phonological loop,
we also found evidence in favor of the deficit model,
which pointed to a cascading deficit model: Group differ-
ences in the capacity of the phonological loop increased
from grade 3 to grade 5. In other words, the gap between
typically achieving students and students with LD regard-
ing the ability to represent, store, and retrieve phonologi-
cal information opened over time. This was due to the
fact that LD’s growth from grade 4 to grade 5 was smaller
than the respective growth shown from grade 3 to grade
4. Although the phonological loop of the LD group
increased over the three-year period, its positive growth
was reduced (i.e., flatter) from grade 4 to grade 5 when
compared with that demonstrated by the control group.

A deficit in the development of the phonological loop
capacity is in accordance with the findings of several
cross-sectional studies reporting differences among
adults with and without LD (Siegel, 1994), the reported
meta-analyses (Melby-Lervag et al., 2012; Swanson, 2003;
Swanson et al., 2009), and the longitudinal studies by
Korhonen (1995) and Fischbach et al. (2014). The ques-
tion arises, however, as to why differences between stu-
dents with and without LD in the functionality of the
phonological loop increased over the considered period
of three years. At least two factors may contribute to this
effect.

First, developmental maturation processes within the
phonological loop that differ between LD and non-LD
students may be responsible for this effect. Specifically,
there is evidence that developmental increases in the pho-
nological loop beyond the age of 7 are merely due to
increased speed and efficiency of the rehearsal process
(Gathercole, 1998). For example, when rehearsal rate
increases in students, more items can be maintained
within the phonological store, thus enhancing overall
functionality of the phonological loop. Important with
respect to the reported effect is the longitudinal study by
Fischbach et al. (2014), which showed that students with
LD, as compared with their typically achieving peers,
developed a deficit in the automatization of subvocal
rehearsal during the course of grade 5, which was not
apparent in grade 4. This result suggests that students in
the control group, but not the students with LD, under-
went a critical maturation process in their articulation
speed, which in turn resulted in an increased functional
capacity of the phonological loop. Because the increasing
differences that we found in our study developed between
grade 4 and grade 5, differences in the automatization of
subvocal rehearsal that, according to Fischbach et al.
(2014), occur during this age might explain the results.
Also of interest is a study conducted by Poloczek, Henry,
Messer, and Buttner (2019), which showed that at
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approximately 10 years of age, cumulative rehearsal (as
opposed to single naming) increasingly emerges as a
memory strategy to boost memory performance further.
More importantly, the authors revealed that high-
performing 10-year-old students used cumulative rehearsal
to improve immediate memory more often and more effi-
ciently than their low-performing peers. Taken together, it
is likely to suggest that the divergent development in our
study might be partly due to those different rehearsal
dynamics in the low-performing LD group and the high-
performing control group that start around the age of 10
(grades 4 and 5).

The second factor contributing to the increasing differ-
ences in functionality of the phonological loop between the
two groups is that cumulative experience in reading and
spelling seems to have an impact on the development of the
phonological loop, too. The limited phonological loop
growth of the LD group may be a consequence of an indi-
vidual’s reading level rather than the cause of LD. For exam-
ple, Demoulin and Kolinsky (2016) synthesized the growing
body of evidence that developmental changes in the phono-
logical loop may be, at least to some extent, a consequence of
reading skill and practice. Specifically, the authors showed
that increasing efficiency in decoding abilities boosts subvo-
cal rehearsal mechanisms in the phonological loop, which
results in increased performance in memory span tasks.
Because good readers are more intrinsically motivated to
read and, hence, receive more automaticity in reading than
low-performing readers are, good readers’ subvocal rehearsal
processes are more likely to benefit from reading practice,
and increasing differences between the LD and control
groups in the phonological loop are the consequence.
Likewise, learning to read improves phonemic representa-
tions, which in turn influence the performance in tasks
assessing the phonological loop. The quality of the phono-
logical representations is likely to be influenced by phono-
logical awareness and literacy and, in turn, increases the
quality of phonological coding in memory tasks (e.g., tasks
such as digit or word span tasks involve phonological coding
of heard information in a sound-based representation sys-
tem; Baddeley, 1986). Supporting this hypothesis, Melby-
Lervag and Hulme (2010) and Park, Ritter, Lombardino,
Wiseheart, and Sherman (2014) demonstrated that phone-
mic awareness training in young students improved perfor-
mance in serial recall tasks (in both digit and word span
tasks, that is, in tasks that are most dependent on phonologi-
cal representations).

In simple terms, students with early poor phonologi-
cal processing skills were impeded in their subsequent
literacy acquisition and hence read less than students with
adequate phonological processing. Reading less may have
led to relatively limited development of the phonological
loop in students with early poor phonological processing
skills (i.e., less rehearsal or poorly specified phonological
representations leading to less efficient reintegration or



phonological coding), which in turn increased the differ-
ences between students with and without LD.

Limitations

Some limitations of the present study have to be acknowl-
edged. The first limitation concerns our attrition rates.
Longitudinal studies are complicated by the (almost inev-
itable) loss of individuals between testing waves due to
successive dropout. In our study, between grades 3 and 5,
20% of the data were missing. We therefore dealt with the
attrition rate by applying statistical methods that analyze
data without loss of information. Second, for some of the
phonological indicators, internal consistency was quite
low (<0.80). We therefore used latent variable modeling
and several indicators per factor to address this issue.
Third, it has to be kept in mind that the relation between
phonological processing and literacy seems to be recipro-
cal and that literacy itself can have differential develop-
mental trajectories just as phonological processing does.
A related issue is that we did not track students’ academic
performance longitudinally and hence do not know how
their reading and spelling skills developed further with
respect to norm-referenced tests. However, students’ final
German grades at the end of elementary school demon-
strate that the students with LD were still struggling with
reading and spelling: Approximately 80% of the students
with LD obtained grade 3 (satisfactory) or grade 4 (suffi-
cient) in their report card. In contrast, approximately 80%
of the control group students received grade 2 (good) or
grade 1 (excellent). This is in accordance with longitudi-
nal studies pointing to a high interindividual rank-order
stability of reading and spelling skills (Pfost et al., 2014).
A fourth limitation concerns the generalization of our
results, as they are limited to alphabetic writing systems
having a relatively transparent orthography, such as
German, and are further limited to the specific group of
students in our sample. That is, our results on LD have to
be interpreted against the backdrop of the diagnostic cri-
teria and measures used. Although our LD group was
carefully selected as part of an extreme group design and
although our cutoff scores followed the diagnostic guide-
lines commonly used in German educational practice,
thresholds for defining LD are to some extent arbitrary
and controversial. We are aware that only using standard-
ized tests to find students with LD is not sufficient for a
clinical diagnosis, as it underscores the complexity of
diagnosing LD. Other studies may apply different classifi-
cation criteria or diagnostic measures (e.g., other degrees
of discrepancy, a Response to Intervention approach, fam-
ily history), which may lead to slightly different results.
Our diagnostic criteria eliminated many of the lowest per-
forming readers and spellers because we focused on
homogeneous groups of students with LD (with average

intelligence and average math performance). Finally, the
number of students with LD who could have been easily
remediated by an early intervention cannot be known.

Theoretical Implications

With regard to theoretical implications, our study demon-
strated that the various manifestations of a phonological
deficit in students with LD followed distinct developmental
trajectories. Deficits in phonological awareness and the pho-
nological loop persisted or increased, whereas the alphanu-
meric RAN deficit was developmentally limited. This
finding of decreasing differences in alphanumeric RAN may
question the nature of the phonological deficit in students
with LD. However, one may argue against this conclusion
that a RAN deficit is only one of the several possible mani-
festations of a phonological core deficit. Or, as supposed by
other researchers, differences in RAN between students with
and without LD may reflect a partly different, phonology-
independent deficit (Kirby et al,, 2010). Whatever the nature
of the phonological deficit, we agree with de Jong and van
der Leij (2003), who claimed that “the manifestations of a
phonological deficit can change over time” (p. 36).

We observed two main impairments in students with
LD (ie., persistent deficits in phonological awareness,
increasing deficits in the phonological loop). Accordingly,
students with LD demonstrated intractable deficits in the
short-term storing and manipulating of phonological rep-
resentations. As outlined earlier, our phonological aware-
ness tasks are rather complex in terms of concurrent
memory demands. Even our students with LD would prob-
ably be able to solve more simple phonological awareness
tasks, such as phoneme segmentation, because research has
shown that the combination of the transparent German
orthography with systematic phonics teaching enables even
low-performing readers to acquire an adequate level of
phonological awareness (cf. Lander]l & Wimmer, 2000).
This would be in line with the idea proposed by others (de
Jong & van der Leij, 2003; Ramus & Szenkovits, 2008) that
in older students with LD, phonological awareness at the
level of simple tasks is intact but fragile, and a phonological
awareness deficit in these students becomes only manifest if
task demands (and concurrent memory load) increase.
One could hypothesize as to whether this vulnerability is
due to a possible underlying deficit of LD in the central
executive in terms of Baddeley’s (1986) working memory
model, but this cannot be determined based on our study.
Further research is needed to address this specific question.
Either way, our results go well with the phonological access
hypothesis proposed by Ramus and Szenkovits (2008), that
students with LD struggle persistently in phonological tasks
that involve either explicit and complex mental operations
on phonological representations or a high load on the pho-
nological loop.
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Implications for Educational Practice

Finally, we discuss some practical implications of our
results. A common belief among teachers and parents is
that deficits in students with LD disappear over time. Based
on our results, however, this is not applicable for at least
some of the phonological deficits that are associated with
LD (i.e., deficits in phonological awareness and the phono-
logical loop). As we outlined in the introduction, an (ad-
ditional) intervention and diagnosis of phonological pro-
cessing subskills, as recommended by some clinical prac-
tice guidelines (e.g., Deutsche Gesellschaft fiir Kinder- und
Jugendpsychiatrie, Psychosomatik und Psychotherapie,
2015), in older students would only make sense if these
phonological deficits were still present in these students.
With regard to this issue, our results point to the conclu-
sion that as far as students in grades 3-5 are concerned,
interventions that help these phonological processing skills
develop further are still to be commended (except for
RAN).

Two different approaches might help in accomplishing
this goal. First, given the reciprocal relation between pho-
nological processing and literacy development, interven-
tions that concentrate on reading and spelling activities
might also transfer to phonological processing. Second,
according to a meta-analysis by Suggate (2016), interven-
tions focused on reading/spelling and phonological aware-
ness seem to be promising to help students with LD. A
theoretical account of why those combined interventions
are effective is expressed in the phonological linkage
hypothesis proposed by Hatcher, Hulme, and Ellis (1994).
According to the authors, those combined interventions
help students form explicit relations between phonology
and written language by providing learning activities that
directly link phonemes to words. Because of their recipro-
cal relation, phonological processing and literacy boost
each other in this learning process and make the interven-
tion maximally effective. In contrast, the capacity of the
phonological loop is hardly influenced by interventions
(Melby-Lervig & Hulme, 2013). A more promising
approach to help students with LD maintain phonological
information is by applying teaching principles that reduce
the verbal memory demands in worksheets and tasks (e.g.,
Alloway, 2006; Mahler, Jorns, Radtke, & Schuchardt, 2015).

Conclusion

In summary and following Pfost et al. (2014), we conclude
that there is no support for the overall validity of a single
developmental pattern in German students with LD
regarding the development of phonological processing.
Depending on the aspect of phonological information
processing that is considered, we found evidence in favor
of persistent deficits (with respect to phonological awareness),
increasing differences (the phonological loop), and de-
creasing deficits (alphanumeric RAN).
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APPENDIX A

Detailed Description of the Sample:
Attrition and Missing Data

The attrition rate in our sample was rather high (approxi-
mately 40%). Unfortunately, in many longitudinal studies,
attrition rate is not mentioned, although missing data are
(to some degree) almost inevitable (Jeli¢i¢, Phelps, &
Lerner, 2009). To consider this problem, we performed
various analyses. First, we tested for potential differences
in several variables between students who dropped out of
the study and those who remained. As can be seen in
Table Al, students who dropped out of the study and
those who remained were nearly identical. There were no
differences regarding sociodemographic variables (i.e.,
age, socioeconomic status), academic achievement at
grade 2 (i.e., intelligence, reading, spelling, mathematics),
and phonological processing at grade 3 (i.e., RAN, phono-
logical awareness, and the phonological loop for the LD
group). In addition, the gender distribution was similar
for students remaining in the study and those leaving,
x*(1, N = 100) = 2.72, p = .10 for the control group, and
x*(1, N=109) = 0.30, p = .87 for the LD group. There was
no systematic relation between the spoken language at
home and attrition, x*(1, N = 86) = 1.98, p = .37 for the
control group, and x*(1, N = 96) = 0.59, p = .74 for the LD
group.

Second, we checked whether attrition rate was simi-
lar in both groups: During the course of the study, 40%
of the control group students (20 at wave 2 and 20 at
wave 3) and 31% of the students with LD (14 at wave 2
and 30 at wave 3) dropped out of the study. Chi-squared
tests revealed that attrition rate was similar for both
groups at wave 2, x*(1, N = 209) = 1.96, p = .16, and at
wave 3, X*(1, N = 209) = 1.02, p = .31. Due to attrition
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(i.e., dropout, nonmonotone missing values), 20% of the
data were missing, with no differences in frequency be-
tween the LD group (19%) and the control group (20%),
(1, N =209) = 0.12, p = .73.

Third, we conducted Little’s missing completely at
random test (for the whole sample and separate for each
group) to check whether the missing (completely) at
random assumption was tenable. Little’s test resulted in
x*(545, N = 209) = 588.50, p = .10 for the whole sample:
X2(364, N = 109) = 372.11, p = .36 for the LD group and
X2(259, N = 100) = 284.33, p = .13 for the control group.
This indicated that no identifiable pattern existed in the
missing data.

Given the results of these analyses, there is hardly
any indication that the reason for missing data in our
study is systematic. In addition, we also addressed the
issue of attrition in our structural equation modeling
analyses by using the MLR estimator. Specifically, MLR
treats missing values with the FIML method. FIML is a
state-of-the-art approach that is superior to traditional
methods of handling missing values such as listwise de-
letion. Also, Enders and colleagues (Baraldi & Enders,
2010; Enders & Bandalos, 2001) and Arbuckle (1996)
recommended using the FIML method, especially in the
context of structural equation modeling. In addition,
MLR is especially suitable for small and medium sample
sizes (B.O. Muthén, 2002) and “allows missing complete-
ly at random (MCAR) and missing at random (MAR)”
(Wang & Wang, 2012, p. 16). The FIML method is con-
sidered “a reasonable option for conducting the analysis
with an incomplete data set” (Kline, 2016, p. 88).
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Detailed Description of the MIMIC Model

TABLE B1
Testing the Equality of Baseline Factors for Specific Reading Disability and Specific Spelling Disability: Fit Indexes
for Nested Model Comparison

Model x? df P, RMSEA CFI ACFI ASB-x? Adf p,
RAN, freely estimated 43.72 22 .004 0.07 0.949 0.007 3.79 1 .052
RAN, constrained 47.64 23 .002 0.07 0.942

RAN, freely estimated 48.33 23 .002 0.07 0.942 0.001 <1 1 .73
RAN  constrained 48.89 24 .002 0.07 0.943

PA freely estimated 74.46 50 .01 0.05 0.955 0.000 <1 1 .86
PA constrained 74.37 51 .02 0.05 0.955

PL freely estimated 73.76 49 .01 0.05 0.975 0.000 <1 1 .59
PL constrained 74.32 50 .01 0.05 0.975

Note. ASB-x* = Satorra-Bentler scaled chi-squared difference test; CFl = comparative fit index; p, = probability value of model fit; p, = probability
value obtained in the SB chi-squared difference test; PA = phonological awareness; PL = phonological loop; RAN, = rapid automatized naming for
alphanumeric stimuli; RAN_ = rapid automatized naming for nonalphanumeric stimuli; RMSEA = root mean square error of approximation.

TABLE B2
Testing the Equality of Latent Change Factors for Specific Reading Disability and Specific Spelling Disability:
Fit Indexes for Nested Model Comparison

Model x? df P, RMSEA CFI ACFI ASB-x? Adf p,
RAN_ freely estimated 45.18 20 .001 0.08 0.941 0.001 2.55 3 .47
RAN, constrained 47.64 23 .002 0.07 0.942
RAN, freely estimated 46.69 21 .001 0.08 0.941 0.002 2.13 3 .55
RAN  constrained 48.89 24 .002 0.07 0.943
PA freely estimated 71.07 48 .02 0.05 0.955 0.000 3.27 3 .35
PA constrained 74.37 51 .02 0.05 0.955
PL freely estimated 71.71 47 .01 0.05 0.975 0.000 2.58 3 .46
PL constrained 74.32 50 .01 0.05 0.975

Note. ASB-x* = Satorra-Bentler scaled chi-squared difference test; CFl = comparative fit index; p, = probability value of model fit; p, = probability
value obtained in the SB chi-squared difference test; PA = phonological awareness; PL = phonological loop; RAN, = rapid automatized naming for
alphanumeric stimuli; RAN_ = rapid automatized naming for nonalphanumeric stimuli; RMSEA = root mean square error of approximation.
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APPENDIX C

Measurement Model (1) and Latent Change Score Model (2) of Rapid Automatized Naming (RAN) for
Nonalphanumeric (RANN) Stimuli

(1) Measurement Model of Non-Alphanumeric RAN

(2) Latent Change Score Model of Non-Alphanumeric RAN

Note. IS = indicator-specific factor; ranc = rapid automatized naming of colors; rano = rapid automatized naming of objects; t1 = first testing wave;

t2 = second testing wave; t3 = third testing wave; t2 - t1 = latent change factor representing the difference between the first and second

testing waves; t3 - t2 = latent change factor representing the difference between the second and third testing waves. As displayed in model 2,
nonalphanumeric naming speed at grade 4 (t2RAN ) is predicted by the baseline performance at grade 3 (t1RAN ) and the discrete performance change
between grades 3 and 4 (t2RAN_ - t1RAN ). Accordingly, nonalphanumeric RAN at grade 5 (t3RAN ) is predicted by the baseline performance at grade

3 (t1RAN,) and by the discrete performance changes between grades 3 and 4 (represented by the latent change factor t2RAN - t1RAN ) and the

performance changes between grades 4 and 5 (represented by the latent change factor t3RAN_ - t2RAN ). For better clarity, residual variances are not
shown.
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