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Abstract

We describe a large-scale regression study that examines the influence of lexical (word frequency, lexical neighbor-
hood) and sublexical (feedforward and feedback consistency) variables on spelling accuracy among first, second, and
third- to fifth-graders. The wordset analyzed contained 3430 French words. Predictors in the stepwise regression anal-
yses were grade-level-based and compiled from child-directed written materials. In all grades, feedforward consistency
and word frequency had independent effects. However, whereas the feedforward-consistency contribution remained
high and did not vary across grades, the impact of word frequency exhibited a massive jump between first and second
grade. Interaction analyses showed that the feedforward-consistency effect was significantly lower for monosyllabic
words than for polysyllabic ones, and significantly higher for low-frequency words. The effect of feedback consistency
was difficult to clarify. Finally, the feedforward-consistency effects obtained at two different grain sizes suggest that chil-
dren use more contextual information to spell words as orthographic knowledge develops. The findings are discussed in
relation to models of spelling and to the developmental aspects of learning to spell.
� 2008 Elsevier Inc. All rights reserved.
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Literacy development encompasses both learning to
read and learning to spell. In integrative models of liter-
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acy development, these two skills are assumed to
develop from each other. For example, in Perfetti’s
(1991, 1992) Restricted-Interactive Model, the acquisi-
tion of high-quality orthographic lexical representations
depends on how often words are encountered in print.
Share’s self-teaching hypothesis (1995) rests on a similar
idea, that each successful identification of a new word
(via decoding) provides an opportunity to acquire the
orthographic representations of the words on which
skilled reading and spelling are based. In this view, lan-
guage exposure has a great impact because it strengthens
associations between co-occurring linguistic events, and
d.
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fluent reading and spelling are viewed as resulting from
the exploitation of this probabilistic knowledge (Ellis,
2002). The study presented here is in line with these con-
ceptions, namely that increased exposure to a word leads
to better orthographic specifications of its lexical and
infra-lexical representations. More specifically, our aim
was to investigate how the statistical characteristics of
orthography relate to spelling accuracy, and how this
relationship evolves across the first five grades of ele-
mentary school.

Gradual changes in young children’s spelling of
3430 one- to six-syllable words were evaluated using
two main indicators: word-usage frequency and the
sublexical characteristics of phonology-to-orthography
mappings, i.e., orthographic consistency. Better perfor-
mance for high- than for low-frequency words is gener-
ally considered to follow from lexical access, and the
frequency effect should therefore be a good index of
a lexical-retrieval procedure. On the other hand, map-
pings (consistent vs. ambiguous) between phonemes
and graphemes should affect performance when spelling
is mediated by a sublexical sound-to-spelling proce-
dure. As detailed below, consistency effects were stud-
ied both in the feedforward direction (phonology-to-
orthography) and in the feedback direction (orthogra-
phy-to-phonology).

The statistical orthographic data used (i.e., feedfor-
ward and feedback consistency, and word-orthographic
frequency) were grade-level-based measures extracted
from French readers and compiled in the Manulex dat-
abases (Lété, Sprenger-Charolles, & Colé, 2004; Peer-
eman, Lété, & Sprenger-Charolles, 2007). Using this
data to analyze spelling performance allowed us to take
into account the distributional characteristics of
orthography typical of each grade. Moreover, in order
to fully assess how the statistical properties of the writ-
ten system shape reading and spelling acquisition, the
phonology-to-orthography characteristics of the French
language were computed both at a fine grain size (pho-
neme/grapheme level) and at a larger grain size (sylla-
ble level).

In what follows, we first briefly present current
empirical evidence on the role of feedforward and feed-
back consistency in spelling acquisition. Then we
address the question of how children use the ortho-
graphic context to resolve spelling ambiguity.
Feedforward- and feedback-consistency effects in spelling

Phonology-to-orthography consistency refers to the
level of variability in the orthographic codes that can
be assigned to a particular phonological unit. For exam-
ple, phoneme-to-grapheme consistency is lower when
several graphemes can be mapped to a particular pho-
neme (e.g., /~e/ in French is spelled differently in the
words ‘‘saint”, ‘‘pin”, and ‘‘rein”) than when a single
grapheme is always associated with a particular pho-
neme (e.g., /u/ is always spelled ‘‘ou” as in the words
‘‘fou”, ‘‘cou”, and ‘‘bijou”). Operationally, on a type-
based count, consistency is computed as the proportion
of words in which the phoneme occurs with a particular
spelling, relative to the total number of words that
include that phoneme (no matter how it is spelled). Con-
sequently, the resulting consistency ratio ranges between
0 (minimal consistency) and 1 (maximal consistency).
Consistency can also be estimated in the other direction,
that is, from orthography-to-phonology. Grapheme-to-
phoneme consistency refers to the level of variability in
the phonemes that can be assigned to a particular graph-
eme. Grapheme-to-phoneme consistency and phoneme-
to-grapheme consistency can vary independently. For
instance, English and French have quite similar levels
of inconsistency in the phonology-to-orthography direc-
tion, whereas French vowels are much more consistent
than English ones in the orthography-to-phonology
direction (Borgwaldt, Hellwig, & de Groot, 2005; Peer-
eman & Content, 1997, 1998, 1999; Ziegler, Jacobs, &
Stone, 1996; Ziegler, Stone, & Jacobs, 1997).

The influence of consistency has been widely
explored in the reading research (for reviews of its
effects in adults and children, see Kessler, Treiman, &
Mullennix, 2007; Peereman et al., 2007; Ziegler &
Goswami, 2005), but has been examined much less in
the spelling research. Alegria and Mousty (1996; see
also Alegria and Mousty, 1994) studied phoneme-to-
grapheme-consistency effects in normal and reading-dis-
abled French children tested between the second and
fifth grades. Children had to spell high- and low-fre-
quency words containing either inconsistent or consis-
tent phoneme-to-grapheme mappings. The results for
the lowest reading grade showed no frequency effect
in either group of children. A phoneme-to-grapheme-
consistency effect was apparent in this grade only in
the normal group. Alegria and Mousty also observed
that both word-frequency and phoneme-to-grapheme-
consistency effects increased as a function of reading
ability, although the effects were weaker in reading-dis-
abled than in normal readers. Recently, Weekes, Cas-
tles, and Davies (2006) reported remarkably similar
results for English children ranging in age from 7 to
11 years. Reading was found to be less accurate when
words were inconsistent in the orthography-to-phonol-
ogy direction. Moreover, the consistency effect was lar-
ger for the youngest children and was limited to low-
frequency words. The results also indicated that the
consistency of phonology-to-orthography associations
influenced spelling scores, with more errors on inconsis-
tent words than on consistent ones.

The grapheme-to-phoneme-consistency effect in read-
ing and the phoneme-to-grapheme-consistency effect in
spelling can be described as feedforward-consistency
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effects since they concern input-to-output mappings
(from orthography-to-phonology in reading aloud and
from phonology-to-orthography in spelling from dicta-
tion). Conversely, feedback consistency concerns the
relationships between the output and input codes. In
spelling, feedback effects arise from inconsistency in
grapheme (output)-to-phoneme (input) mappings (when
the graphemes in a word can be pronounced in more
than one way). Advantages of feedback-consistent
words over feedback-inconsistent ones have been
described in skilled readers and children performing
visual lexical decision tasks (LDT) or naming tasks
(Bosman, Vonk, & van Zwan, 2006; Lacruz & Folk,
2004; Stone, Vanhoy, & Van Orden, 1997; Ziegler, Mon-
tant, & Jacobs, 1997; but see Massaro & Jesse, 2005;
Peereman, Content, & Bonin, 1998). The feedback-con-
sistency effect was also examined by Balota, Cortese,
Sergent-Marshall, Spieler, and Yap (2004) using regres-
sion analyses on large datasets. These authors reported a
feedback-consistency effect for syllable onsets (i.e., on
the consonant or consonant cluster that precedes a
vowel) in naming but not in LDT, and a feedback-con-
sistency effect for rimes in both tasks but only for slow
subjects. Recently, Kessler et al. (2007) found no signif-
icant feedback-consistency effect in naming when the
phonetic bias factor was partialed out in regression anal-
yses. Interestingly, this last study included additional
predictor variables that the authors suspected to have
been confounded with feedback properties in previous
studies, as for example the frequency of orthographic
and phonological units, and the mapping frequency
between these two codes. It appears, then, that the ques-
tion of whether or not reading involves feedback associ-
ations between phonology and orthography is still
unanswered and requires further empirical evidence.

Does feedback consistency influence spelling perfor-
mance? There are at least two ways in which the consis-
tency of orthography-to-phonology mappings could act
upon spelling. First, children who are unsure of how to
spell a word could rely on auditory verification and
check whether the spelled word matches the auditory
word. Failure of the verification strategy is more likely
for inconsistent orthography-to-phonology mappings,
because the phonological code obtained might not
match the target word to be spelled. Secondly, in the
light of the self-teaching hypothesis developed by Share
(1995, 1999), phonological encoding of written words
aids in the acquisition and storage of the words’ ortho-
graphic codes. As mentioned by Share (1999), ‘‘Phono-
logical recoding acts as a self-teaching device or built-
in teacher enabling a child to independently develop
the word-specific orthographic representations essential
to skilled reading and spelling” (p. 96), a hypothesis
which has gained support during the last decade (e.g.,
Kyte & Johnson, 2006; Nation, Angell, & Castles,
2007; Share, 1999). For example, Cunningham (2006)
reported a high correlation between success in reading
words and orthographic learning. So, because words
that are orthography-to-phonology consistent are more
easily converted into phonology, they should benefit
from more detailed orthographic representations and
give rise to better performance on spelling tasks. Unfor-
tunately, very few observations are available so far. To
our knowledge, Davies and Weekes (2005) ran the first
study investigating feedforward and feedback effects in
spelling among a group of dyslexic children as compared
with a group of skilled readers matched on reading age.
Consistency was operationalized as in Weekes et al.
(2006), that is, at the word-rime level. For both groups,
the correct-response percentage indicated a feedforward-
consistency effect in spelling from dictation, and also a
feedback effect, with dyslexics being more affected by
consistency. The finding was not replicated, however,
in Weekes et al.’s (2006) spelling study. As for reading,
the question of the existence of feedback-consistency
effects in spelling is still unanswered and thus requires
further empirical evidence. This issue is tackled in the
analyses reported below, which take into account addi-
tional predictor variables that may have been con-
founded with consistency in previous studies.
Phonology-to-orthography ambiguities in spelling: Does

the surrounding context play a role?

Of critical importance when analyzing spelling per-
formance is the way ambiguities in phonology-to-
orthography mappings are described. The question is
clearly of interest in the present study, given that poly-
syllabic words were also included in the stimuli.

In Manulex-infra, spelling ambiguities of French
words are estimated by consistency computations of
phoneme-to-grapheme mappings. There are several
reasons for using these consistency values to account
for spelling performance by children. First, while work
on English-word reading by adults indicates that con-
sistency of body-rime mappings is much more influen-
tial than grapheme–phoneme regularity (Cortese &
Simpson, 2000; Jared, 1997, 2002; Kay & Bishop,
1987), this finding is most likely due to the role of
final consonants in reducing the ambiguity of vowel
pronunciation in English monosyllables (Treiman,
Mullennix, Bijeljac-Babic, & Richmond-Welty, 1995).
Contrary to English (Kessler & Treiman, 2001; Trei-
man et al., 1995), French pronunciation and spelling
ambiguities are not reduced when body-rime associa-
tions are considered relative to grapheme–phoneme
associations (Peereman & Content, 1997, 1998). Sec-
ond, a large portion of the words in our spelling cor-
pus (Pothier & Pothier, 2003) correspond to
polysyllabic words, and it is still unclear whether the
special status of body-rime associations observed for
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English words extends to polysyllabic words. Finally,
although phonology-to-orthography consistency effects
have been observed in spelling tasks at both the body-
rime and phoneme–grapheme levels of description
(Barry & Seymour, 1988; Kreiner, 1992; Perry, Ziegler,
& Coltheart, 2002; Treiman, Kessler, & Bick, 2002),
the latter have been shown to have a stronger impact
in adults (Perry & Ziegler, 2004) and young children
(Treiman & Kessler, 2006).

Interestingly, several recent studies suggest that the
context surrounding orthographically inconsistent pho-
nemes are gradually taken into account to resolve
spelling ambiguity as children acquire more experience
with written materials (Hayes, Treiman, & Kessler,
2006; Juul, 2005; Treiman & Kessler, 2006; Varnha-
gen, Boechler, & Steffler, 1999). In these studies, chil-
dren were shown to be influenced either by the
consonantal context or the vowel context when mak-
ing spelling choices for orthographically inconsistent
phonemes. However, this increasing influence of con-
textual information on phonology-to-orthography con-
version is currently documented for monosyllabic
pseudowords only. This might be of some importance
because previous studies on reading processes by
adults have suggested that orthography-to-phonology
characteristics affect pseudowords and words differ-
ently (Andrews & Scarratt, 1998; Jared, McRae, &
Seidenberg, 1990). Caravolas, Kessler, Hulme, and
Snowling’s, 2005 analyses of vowel spelling in English
words did not indicate contextual information effects
in young children, a pattern that did not change when
the children’s performance was reassessed 6 months
later. The children in this study were very young,
however, and the use of contextual cues to spell words
might not emerge until later. Moreover, the spelling of
monosyllables and polysyllabic words might generate
different memory loads, and the role of contextual
cues in spelling acquisition could vary as a function
of word length. An additional aim of the analyses
reported here will thus be to look at whether ortho-
graphic consistency computed over supra-graphemic
units accounts for accuracy variability over and above
phoneme–grapheme consistency, and whether this
effect increases with spelling skills. We will return to
this issue when defining how context was taken into
account in the consistency computations (Methods
Section).
Advantages of the present approach

The present study has two important advantages
over previous investigations of spelling performance in
children: (1) it uses lexical and sublexical frequency
norms computed from child-directed material, and (2)
it links them, via a regression-based method, to a very
large set of words (ranging in length from 1 to 6 sylla-
bles) reflecting the orthographic system used to teach
French children to read and spell. Spelling of a set of
3430 words was studied at three levels: first grade, sec-
ond grade, and third-to-fifth grade.

A further advantage of the present study is that it
examines spelling performance on monosyllabic as well
as polysyllabic words. Most studies in the field of spell-
ing and reading acquisition have limited their investiga-
tion to one-syllable words, despite the fact that these
words do not fully represent the writing system to which
children are exposed. For the French language, on a
type count, among the 45,080 wordforms in Manulex-

infra (all grades merged), only 10% are monosyllabic,
whereas 42% are disyllabic, 37% are trisyllabic, 10%
are quadrisyllabic, and 2% are pentasyllabic. So French
children build their lexicon essentially from polysyllabic
words (90% of the wordforms in French readers). A very
similar distribution exists for the English language.
Stanback’s (1992) analysis of a pool of 17,602 words
revealed that 19% of the words were monosyllabic,
38% were disyllabic, 26% were trisyllabic, 13% were
quadrisyllabic, and 4% were pentasyllabic. Of course,
on a token-based count, these distributions are very dif-
ferent: monosyllabic words are frequent because they
account for 70% of the wordforms found in French
schoolbooks whereas polysyllabic words account for
only 30%. However, this sharp contrast follows mainly
from the fact that monosyllabic words outnumber poly-
syllabic ones in the case of function words, but not con-
tent words. In fact, among 100 wordforms encountered
by the French child, 45 are monosyllabic function words
(determiners, pronouns, prepositions, conjunctions),
two are polysyllabic function words, 25 are monosyl-
labic content words, and 29 are polysyllabic content
words (on a type count, these values are 0.3, 0.2, 9.3,
and 90.3, respectively).

An additional reason for using polysyllabic words is
that they differ from monosyllabic words on numerous
linguistic features likely to cause processing differences.
For example, in Manulex-infra, monosyllabic words
have much denser orthographic neighborhoods than
do disyllabic and trisyllabic words (averaging 4.6, 1.4,
and 0.6 words, respectively). Similar differences occur
when neighbors are defined both orthographically and
phonologically (2.8, 0.9, and 0.4 words, respectively).
Although to a lesser extent, monosyllabic and polysyl-
labic words also vary on phonology-to-orthography
consistency, monosyllabic words being less consistent
than disyllabic and trisyllabic ones (with consistency lev-
els of 66, 70, and 72, respectively). A similar pattern is
found for orthography-to-phonology consistency (79,
82, and 82, respectively). Finally, given the difficulties
exhibited by children in learning to read and spell poly-
syllabic words (e.g., Archer, Gleason, & Vachon, 2003),
empirical investigations that extend beyond the mono-
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syllable seem necessary. The present study examines
words of all syllable lengths, so it constitutes a thorough
exploration of spelling processes in children.

In sum, through regression analyses of a large data-
base of spelling performance results, we will examine
the relative contributions of lexical and nonlexical fac-
tors as a function of spelling skill. The respective contri-
butions of lexical and sublexical variables should shed
light on the processes at play in spelling development.
A decrease in the predictive power of a variable at one
grade level might be accompanied by an increase in
the predictive power of the other variable. This could
happen, for example, when a shift occurs between the
sublexical and lexical procedures during spelling devel-
opment. Alternatively, if children make use of multiple
spelling strategies, evidence of both procedures should
be found in each grade, without the increasing use of
the lexical procedure being accompanied by a symmetri-
cal decrease in the use of the sublexical procedure.
1 Free access to Manulex and Manulex-infra can be obtained
online at http://leadserv.u-bourgogne.fr/bases/manulex/manu-
lexbase/index.htm.
The regression study

Method

Stimuli and participants in Pothier and Pothier’s (2003)

database

Pothier and Pothier’s (2003) Spelling Database was
developed to specify which word spellings are acquired
precociously and which are not easy to learn. The words
were selected from among 20,378 orthographical forms
taken from newspapers. After an initial sorting, 12,000
words were dictated to 48,902 children in Grade 1–5
children from 464 schools throughout France (about
9800 children per grade). Each word was spelled by
200 children (40 per grade). Words were dictated in a lin-
guistic context: nouns were dictated with a determiner
(e.g., ‘‘le bateau”, the boat), adjectives with a singular
noun (e.g., ‘‘l’homme ivre”, the drunken man), and verbs
in the infinitive (e.g., ‘‘écrire”, to spell). The children
were tested in June, at the end of the school year.

The current database is composed of 11,564 words.
For each word and each school grade, spelling–accuracy
scores are provided. As in the Manulex database (see
below), spelling-accuracy scores of Grades 3–5 were
averaged. The mean spelling–accuracy score was 18%
in first grade (hereafter noted G1), 31% in second grade
(hereafter noted G2), and 54% in the third- to fifth-grade
(hereafter noted G3–5) (i.e., on average, each word was
correctly spelled by 18% of the children in G1, 31% in
G2, and 54% in G3–5). The present study used these
scores as an index of word-spelling difficulty.

Predictor variables

The statistical descriptions of all variables used to
predict word–spelling accuracy in the Pothier and
Pothier (2003) database were taken from Manulex (Lété
et al., 2004) and Manulex-infra (Peereman et al., 2007).1

Manulex was compiled in the same manner as the
Word Frequency Book by Carroll, Davies, and Richman
(1971), and more recently the Educator’s Word Fre-

quency Guide (Zeno, Ivenz, Millard, & Duvvuri, 1995)
used in English for child language studies. It is based
on a corpus of 1.9 million words from 54 readers used
in French primary schools between the first and fifth
grades. The database contains two lexicons: the word-
form lexicon (48,886 entries) and the lemma lexicon
(23,812 entries). Each lexicon provides a grade-level-
based list of words found in first-grade, second-grade,
and third- to fifth-grade readers. The decision to com-
bine G3, G4, and G5 was based on the fact that the most
significant changes in reading acquisition occur between
the first and second grades. As a corollary, while G1 and
G2 readers contain grade-specific vocabularies, the con-
tents of readers change quantitatively but not qualita-
tively between G3 and G5 (Lété, 2003), justifying our
decision to combine these three reader corpora.

The frequency computations for Manulex used the
methods described in Carroll et al. (1971) and Zeno
et al. (1995), with three indexes at each grade level: F

for the overall word frequency, D for the index of disper-
sion across readers, and U for the estimated frequency
(or word usage) per million words, derived from F with
an adjustment for D. The grade-level-based frequency
computations were weighted by the dispersion index
across readers so that words recurring in a single reader
could be distinguished from words occurring in many
readers.

Manulex-infra was developed later to describe the
distributional characteristics of the sublexical and lexical
units in Manulex. All entries in the Manulex-wordform
lexicon were used for the computations, except abbrevi-
ations, interjections, and compound entries (entries that
contain a space, an apostrophe, or a dash). Proper
names were included in the computations, but because
many of them have ambiguous or unknown pronuncia-
tions, only those with a frequency value of at least .10
were considered. This left a total of 45,080 entries.
Among these, 10861 were in G1, 18131 were in G2,
and 42422 were in G3–5.

Spelling–accuracy scores from the Spelling Database

were merged with the predictor values reported in
Manulex and Manulex-infra. The number of words
occurring both in the Spelling Database and in the two
lexical databases was 3825 for G1, 5304 for G2, and
8788 for G3–5. Only words occurring in the three levels
of Manulex-infra were retained, which made a total of

http://leadserv.u-bourgogne.fr/bases/manulex/manulexbase/index.htm
http://leadserv.u-bourgogne.fr/bases/manulex/manulexbase/index.htm
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3430 words. The wordset was mainly composed of con-
tent words (99%), with 60% nouns, 18% adjectives, 15%
verbs, and 6% adverbs. The large number of overlapping
entries indicates that the stimulus words we used were
indeed part of the written materials to which French
children in elementary schools are exposed. Remember
that each value was grade-level-based, i.e., it was com-
puted from a specific corpus of child-directed print
(G1, G2, and G3–5). All frequency values of token-
based counts were log-transformed to correct skewness.
Five broad categories of predictors were considered.

Word-length predictor. There were four possibilities for
word-length predictors: number of letters, number of
phonemes, number of syllables, and number of map-
pings between phonemes and graphemes (i.e., number
of graphemes). Given the high correlation between the
word-length predictors (r > .80 in each pairwise compar-
ison), we used the principal-component-analysis regres-
sion method (PCA-regression) advocated by Baayen,
Feldman, and Schreuder (2006) to avoid collinearity
problems. As expected, the PCA-regression yielded a
single principal component that captured 89% of the
variation among the four original predictors. The
PCA-regression scores (standardized z-scores) were used
as the new measures of word length (mean = 0, and
standard deviation = 1). This new ‘‘LENGTH” predic-
tor had a correlation of .94 with number of letters, .97
with number of phonemes, .91 with number of syllables,
and .96 with number of graphemes.

Word-orthographic-frequency predictor. The impact of
orthographic exposure to a word (i.e., the written fre-
quency of the orthographic form, hereafter noted WF)
was defined as the frequency of occurrence of the word,
whatever its syntactic category. Manulex’s U values (fre-
quency of usage) were used. For example, for the word
‘‘ferme”, the frequency of the noun ‘‘(la) ferme” (the
farm, which was the word dictated to the children) was
added to the frequencies of other forms with the same
orthographic string (”ferme” is also the third-person sin-
gular of the verb ‘‘fermer”, to close). WF values were
grade-level based. For example, the word ‘‘ferme” had
a WF value of 281 occurrences per million words in
G1, 131 in G2, and 111 in G3–5.

Phonographic-neighborhood predictors. Adult reading
aloud is known to be facilitated by a particular subtype
of orthographic neighbor, namely, ones that are also
phonologically similar to the target word (Adelman &
Brown, 2007; Mulatti, Reynolds, & Besner, 2006; Peer-
eman & Content, 1997). These lexical neighbors,
referred to as phonographic, are both orthographically
and phonologically similar to the word to be pro-
nounced. The number of phonographic neighbors (here-
after noted PGN-N) was therefore used as a predictor
variable. Phonological similarity between words was
estimated by applying the orthographic-neighbor opera-
tionalization to phonological forms. Hence, words were
considered to be phonologically similar when they dif-
fered by a single phoneme. Together with the number
of phonographic neighbors, phonographic-neighbor-
hood frequency (hereafter noted PGN-F) was included
in the predictor set. PGN-F was the grade-level-based
summed frequency of the orthographic forms of all pho-
nographic neighbors. To give an example, the word
‘‘main”-/m~�/ (hand) has five phonographic neighbors:
‘‘bain”-/b~�/(bath), ‘‘nain”-/n~�/(dwarf), ‘‘pain”-/p~�/
(bread), ‘‘sain”-/s~�/ (healthy), ‘‘mais”-/m�/(but), whose
frequencies are 157, 51, 331, 1, and 3604 occurrences
per million words, respectively. Hence ‘‘main” is
assigned a PGN-N value of 5 and a PGN-F value of
4144, before log transformation.

Association frequency and consistency of phoneme–graph-

eme and grapheme–phoneme mappings. The term ‘‘asso-
ciation frequency” (hereafter noted AF) refers to the
frequency with which a particular grapheme and a par-
ticular phoneme are associated, irrespective of mapping
direction. Three relative positions were distinguished:
mapping frequency at the beginning of a word (AF-
beg), at the end of a word (AF-end), or somewhere in
the middle (AF-mid). Note that mappings were labeled
as either ‘‘beginning” or ‘‘ending” in two-grapheme
words (no middle position), and as ‘‘beginning” in
one-grapheme words (no middle or final positions).

To make this predictor set clear, let us illustrate with
the French word ‘‘main” (hand). In G1, the association
frequency of the grapheme ‘‘m” with the phoneme /m/
is 34,326 occurrences per million words (token-based
count, before log transformation), and the association
frequency of ‘‘ain”-/~�/ is 2199 occurrences per million
words. Thus, the word ‘‘main” is assigned an AF-beg
value of 34,326, and an AF-end value of 2199. The word
‘‘main” does not have an AF-mid value. Note that the
association frequencies are the same in both directions,
grapheme-to-phoneme or phoneme-to-grapheme.

For clarity, and in reference to the spelling task
where phonemes are the input and graphemes are the
output, phoneme-to-grapheme consistency will hereafter
be identified as ‘‘feedforward consistency” and graph-
eme-to-phoneme consistency as ‘‘feedback consistency”.
The feedforward-consistency index is equal to the fre-
quency at which a particular phoneme–grapheme map-
ping occurs (i.e., the AF values), divided by the total
frequency of the phoneme, no matter how it is spelled,
and then multiplied by 100. Similarly, the feedback-con-
sistency index is equal to the frequency at which a par-
ticular grapheme-phoneme mapping occurs, divided by
the total frequency of the grapheme, no matter how it
is pronounced, and then multiplied by 100. For example,
the feedback-consistency index of the association
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‘‘ch” ? /
R

/ (as in the word ‘‘chat”/Sa/) is obtained by
dividing the frequency of occurrence of the ‘‘ch” ? /

R
/

association by the frequency of the grapheme ‘‘ch”, irre-
spective of its pronunciation (including /

R
/, but also /k/

for example, as in ‘‘choral” /kOrAl/). Its maximal value
(total consistency) is 100. As for the AF predictors, three
relative positions were distinguished: feedforward (FF)
and feedback (FB) mappings occurring at the beginning
of a word (hereafter noted FF-beg and FB-beg), at the
end of a word (FF-end and FB-end), or in the middle
(FF-mid and FB-mid).

Returning to our example, FF-beg is 100, which
means that /m/ is always spelled ‘‘m” at word beginning.
FF-end is 18, which means that out of 100 occurrences
of the phoneme /~�/ at the end of a word, it is spelled
‘‘ain” 18 times. The FB-beg and FB-end values of
‘‘main” are 100. This means that in the G1 lexicon,
‘‘m” is always pronounced /m/ in word-initial position,
and ‘‘ain” is always pronounced /~�/ in word-final posi-
tion. Thus, both FB-beg and FB-end are equal to 100.
For this study, association frequency and consistency
values were token-based (i.e., weighted by word
frequency).

Association frequency and consistency at the syllable

level. One goal of our analyses was to find out whether
phonology-to-orthography conversion is sensitive to
consistency when estimated over supra-graphemic units.
Such a finding would suggest that to spell words, chil-
dren also rely on word parts that are larger than the
phoneme. The use of contextual information in reading
and spelling has generally been investigated by manipu-
lating the consistency of body-rime associations. How-
ever, unlike English orthography, statistical analyses of
French orthography do not suggest a special role of
body-rime units in reducing orthography–phonology
mapping ambiguity. A more neutral and interesting
method of estimating the contribution of the surround-
ing context in converting phonology to orthography
was developed by Kessler and Treiman (2001). These
authors assessed the extent to which the orthography
of syllabic parts (onset, vowel, and coda) was condi-
tioned by the other syllabic constituents. For example,
orthographic consistency for a particular vowel was esti-
mated as a function of the preceding (onset) or following
(coda) consonants. These computations are valuable for
empirical research because they make it possible to eval-
uate how contextual information affects the spelling of
words or pseudowords containing certain specific vowels
or consonants. The use of conditional consistency to
analyze performance on a large corpus of words that
were not selected is more complex, however. One diffi-
culty is that there is no direct means of determining in
advance, for each sound in a word, what other part of
the syllable has the largest effect on spelling. For
instance, should the predictor variable of a particular
vowel sound correspond to the conditional consistency
based on the preceding or following consonants? And
should we consider preceding consonants for some vow-
els, and following consonants for others? Obviously, it
seems unlikely that a simple answer to this question
can be found. So, in the present analyses, syllabic consis-
tency was used as a first approach for evaluating the use
of contextual cues in spelling. Syllabic consistency is
thus considered here as providing a way of analyzing
the role of syllabic context in phonology-to-orthography
conversion. This, of course, does not amount to assert-
ing that syllables constitute processing units.

Syllabic consistency was estimated from Manulex-

infra in a way similar to grapheme–phoneme and pho-
neme–grapheme consistency except that words were
now segmented into syllables. Association frequency
between orthography and phonology at the syllabic level
was also computed, as for grapheme-phoneme map-
pings. Thus, nine new predictors were obtained, six
relating to consistency (FFsyl-beg, FFsyl-mid, FFsyl-
end, FBsyl-beg, FBsyl-mid, FBsyl-end), and three to
association frequency (AFsyl-beg, AFsyl-mid, AFsyl-
end).

Results

Basic descriptive statistics for each variable, and
bivariate correlations between predictors, are briefly pre-
sented first. Stepwise regression analyses are then
reported with consistency values and association-fre-
quency values computed at the phoneme level. Finally,
further analyses are presented to address the issue of
whether consistency and association frequency com-
puted at the syllable level account for additional parts
of the variance.

Basic statistics for the variables used in the study

The words averaged seven letters and two syllables
long (3rd quartile at eight letters and three syllables).
As Table 1 indicates, they had a mean of one phono-
graphic neighbor with a downward cumulative fre-
quency across grades. Mean word frequency (WF
predictor) did not vary across grades (about 90 occur-
rences per million words). However, median values
revealed variations in the frequency distributions
across grades (14 per million in G1, 16 in G2, and
24 in G3–5). Moreover, words had different frequency
trajectories, an observation that strongly justifies the
use of grade-level-based values. Twenty-five percent
of the test words had a downward frequency trajec-
tory (i.e., they were more frequent in G1 than in
G3–5; examples: ‘‘maman” (mom), ‘‘papa” (dad)),
40% of the words had an upward frequency trajectory
(i.e., they were more frequent in G3–5 than in G1;
examples: ‘‘femme” (woman), ‘‘p�ere” (father)), and
35% had unchanging frequency values. High positive



Table 1
Basic statistics, before log transformation, for the predictors and the dependent variables tested in the experiment (N = 3430 words)

Mean SD Q1 Median Q3 Skewness

Phonographic-neighborhood predictors
PGN-N 1/1/1 1/2/2 0/0/0 0/0/1 1/1/2 2/2/2
PGN-F+ 601/533/409 3136/2782/2509 4/3/2 49/28/16 269/181/113 13/13/15

Association-frequency predictors
AF-beg* 30/33/34 22/24/25 18/17/17 21/23/26 44/47/51 1/0/0
AF-mid* 34/38/45 17/19/22 22/25/29 33/37/44 45/51/60 0/0/0
AF-end* 67/66/68 51/49/50 12/15/18 90/98/103 122/108/109 0/0/0

Feedforward-consistency predictors
FF-beg 85/84/84 25/25/24 87/83/81 100/100/99 100/100/100 �2/�2/�2
FF-mid 76/76/76 19/18/19 65/65/65 78/78/79 91/91/92 �1/�1/�1
FF-end 54/52/52 31/32/32 36/29/29 36/29/31 98/93/93 1/1/1

Feedback-consistency predictors
FB-beg 95/94/94 15/15/16 100/100/99 100/100 / 100 100/100/100 �4/�3/�3
FB-mid 80/79/80 16/16/16 72/71/72 84/83/83 93/91/92 �1/�1/�1
FB-end 77/76/76 24/26/26 54/48/47 92/92/94 100/99/99 �1/�1/�1

Word-orthographic-frequency predictor
WF+ 92/91/90 524/501/453 2/4/9 14/16/24 60/55/61 25/24/26

Dependent variable: spelling scores 25/43/69 26/28/22 4/18/54 15/41/74 42/67/87 1/0/�1

Statistics are given for grade levels G1, G2, and G3–5.
Note. �, occurrences per thousand; +, occurrences per million; G1, first-grade children; G2, second-grade children; G3–5, second- to
fifth-grade children; PGN-N, phonographic-neighborhood size; PGN-F, phonographic-neighborhood frequency; AF, association
frequency of mappings at the phoneme/grapheme level; FF, feedforward consistency at the phoneme/grapheme level; FB, feedback
consistency at the phoneme/grapheme level; beg, beginning of word; mid, middle of word; end, end of word.
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skewness was corrected by a log transformation in the
regression analyses.

The mean feedforward- and feedback-consistency val-
ues of the stimulus words were similar across grades, indi-
cating that the complexity of the French orthographic
system is already captured in the early reader vocabulary
(see Peereman et al., 1998, for a discussion, and the Manu-

lex-infra website for additional comparisons with a lexical
database for adult readers). Skewness values for feedfor-
ward and feedback consistency were slightly negative,
revealing that few words had a very low-consistency
index. This was true especially for FF-beg and FB-beg,
indicating that word beginnings were mostly consistent.
The mean consistency value for word beginnings was
about 84 (averaged over the three levels) for feedforward
consistency and about 94 for feedback consistency. For
intra-word associations, feedforward consistency was
about 76 and feedback consistency was about 80. Word
endings showed a greater difference between feedforward
consistency (53) and feedback consistency (76), as
expected in French because of the frequent presence of
silent derivational marks on word endings.

To ensure that the wordset used to analyze spelling
skills was not peculiar on the consistency variables, com-
parisons were carried out with the whole word corpus of
Manulex-infra. Table 2 gives the consistency values com-
puted at the phoneme level (upper table) and at the syl-
lable level (lower table) for the entire database and for
our wordset (in parentheses). For both grain sizes, large
similarities emerged between the two sets. Overall, feed-
forward consistency was lower than feedback consis-
tency (71 vs. 81, respectively), which supports the
claim that the French writing system is less consistent
in the phoneme–grapheme direction than in the graph-
eme–phoneme direction. Moreover, the differences as a
function of mapping direction were position-dependent.
Word beginnings were mostly consistent in both direc-
tions (83 for feedforward consistency and 94 for feed-
back consistency when averaged across grade) and the
within-word consistency values were quite similar (74
and 78, respectively). The main difference was for word
endings, whose feedforward-consistency value was half
the feedback-consistency value (44 vs. 85, respectively).
The similarity of the consistency distributions derived
from the wordset and from the Manulex-infra database
suggests that our material correctly approximates the
early written vocabularies of French readers as far as
grapheme–phoneme mappings are concerned. Remem-
ber, however, that our 3430 words were dictated in the
infinitive form for the verbs and in the singular for the
nouns. Consequently, mean feedforward consistency
was higher for word endings (53 here vs. 44 in Manu-

lex-infra) because there were fewer silent derivational
marks.



Table 2
Mean consistency values at the phoneme level (upper) and at the syllable level (lower) for the 45,080 words in Manulex-infra (Peereman
et al., 2007) and for the 3430 words tested in the study (in parentheses)

Phonology-to-orthography consistency Orthography-to-phonology consistency

FF-beg FF-mid FF-end FB-beg FB-mid FB-end

Phoneme level

G1 85 (85) 73 (76) 45 (54) 95 (95) 78 (80) 83 (77)
G2 84 (84) 74 (76) 44 (52) 94 (94) 77 (79) 83 (76)
G3–5 83 (84) 74 (76) 44 (52) 94 (94) 78 (80) 85 (76)

Mean 83 (84) 74 (76) 44 (52) 94 (94) 78 (79) 85 (76)

Phonology-to-orthography consistency Orthography-to-phonology consistency

FFsyl-beg FFsyl-mid FFsyl-end FBsyl-beg FBsyl-mid FBsyl-end

Syllable level

G1 66 (69) 81 (81) 43 (59) 95 (95) 93 (94) 97 (97)
G2 66 (68) 79 (81) 39 (55) 95 (95) 92 (93) 97 (97)
G3–5 67 (69) 76 (80) 35 (54) 94 (95) 91 (93) 97 (98)

Mean 66 (69) 79 (76) 39 (52) 95 (95) 92 (93) 97 (97)

Note. Mean consistency values at the phoneme and syllable levels are not directly comparable due to differences in the number of
intervening mappings (see body of text for details). G1, first-grade children; G2, second-grade children; G3–5, second- to fifth-grade
children; FF, feedforward consistency at the phoneme/grapheme level; FB, feedback consistency at the phoneme/grapheme level;
FFsyl, feedforward consistency at the syllable level; FBsyl, feedback consistency at the syllable level; beg, beginning of word; mid,
middle of word; end, end of word.
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Concerning consistency at the syllable level, compar-
isons of the two sets revealed large similarities except for
word endings in the feedforward direction because of
fewer silent derivational marks (infinitive verbs and sin-
gular nouns). The syllable-level computations yielded
very high consistency values in the feedback direction,
especially for the middle and end of words, and lower
consistency values in the feedforward direction, espe-
cially for the beginning and end of words. Note that
one-syllable words had two consistency values (FF-beg
and FB-beg), two-syllable words had two additional
consistency values (FF-end and FB-end), and three- to
six-syllable words had another two consistency values
(FF-mid and FB-mid).

Does mean word consistency increase when syllables
instead of graphemes and phonemes are considered?
Note first of all that mean consistency values resulting
from syllabic segmentations cannot be directly com-
pared to mean consistency values resulting from pho-
neme–grapheme parsing, because the number of
mappings is always much larger in the latter case.
Clearly, any inconsistency occurring in a word will have
a greater chance of being overridden when averaged
with many rather than few consistent mappings. Con-
versely, mean consistency will be differentially affected
by the number of mappings when a highly consistent
mapping occurs among less consistent ones.

We therefore contrasted the consistency values for
the graphemic and syllabic segmentations by comput-
ing the mean probability of correct word spelling.
Since the orthographic consistency value of a word
corresponds to the probability that each of its pho-
nemes will be spelled correctly, the probability of pro-
ducing the whole word without error can be estimated
by the product of the probabilities of each mapping.
Let us illustrate with a simple example. Suppose a
particular word has two syllables, each with two pho-
nemes, one of which is inconsistent. If the consistency
values are 1 and .5 for the syllabic parsing, and 1, 1,
.5, and 1 for the graphemic parsing, both parsings
lead to a probability of .5 that the word will be
spelled correctly (i.e., the syllables do not reduce the
ambiguity), whereas the mean consistency computa-
tions would have favoured the graphemic over the syl-
labic parsing (.88 vs. .75, respectively). When
computed in this way on the whole Manulex corpus,
the mean probability of correct spelling increased from
.13 for phoneme/grapheme mappings to .24 for syl-
labic mappings (by-type counts; by-token counts: .11
and .23, respectively). Syllabic parsing increased con-
sistency in the orthography-to-phonology direction in
an even more drastic way. The mean probability of
assigning the correct phonological code to each graph-
eme in a word increased from .33 for graphemic pars-
ing to .87 for syllabic parsing (by-type counts; by-
token counts: .26 and .88, respectively).

Returning to the predictor characteristics computed
over the wordset, it also turned out that the associa-
tion frequencies (AF predictors) were higher at word
endings than at word beginnings or in medial position
(occurrences per million words averaged over grades:
67,000, 32,000, and 39,000, respectively). Finally,
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regarding the dependent variable, first-grade children
reached an average of 25% correct spellings. Half of
the words (median) were below the 15% accuracy
level, which caused the distribution to have a positive
skew on the left of the curve (skewness = 1). In G2,
the mean accuracy score was 43% (median at 41%);
it was 69% in G3–5 (median at 74%).

Bivariate correlations between predictors

Table 3 reports the correlations between the predic-
tors used in the main regression analyses. A quick look
at the data shows that the correlations did not differ
greatly across grades. So, G3–5 coefficients will be used
below to describe the correlational matrix. Because of
the large number of words (3430), even a small correla-
tion may be statistically significant; so, only correlations
higher than .14 (p < .000) will be discussed.

The conventional rule of thumb for cognitive science
data is to consider correlation coefficients of .50 to .70 as
moderately strong, and those larger than .70 as strong.
So correlations between .14 and .50 can be seen as weak.
A few of the correlations were moderately strong, but
most were quite weak (below .14).

Moderately strong and weak correlations were
observed between the positional predictors. In particu-
lar, feedforward- and feedback-consistency values cor-
related with mapping frequency (AF predictors). The
correlations were positive for word-initial and word-
middle mappings (i.e., AF-beg and AF-mid), as could
be expected given that the most consistent mappings
were those that generally occurred the most fre-
quently. A striking observation, however, is that the
correlations were negative for word endings (�.18
and �.39, for FF-end and FB-end, respectively). This
suggests that some word endings are not very consis-
tent despite their high frequency of occurrence. For
example, the final /é/ is very common in French words
but the associated spelling is ambiguous. While /é/ is
spelled ‘‘é” (as in ‘‘abbé”, abbot) in 2385 words, its
feedforward-consistency value is only 44. Similarly,
the ‘‘er” spelling of the final /é/ (as in ”manger”, to
eat) occurs in 2165 words, yet its feedforward-consis-
tency value is only 40. This contrasts sharply with
the case of the final /b/, which occurs in only nine
words and is fully consistent. In short, the correlation
analyses showed that the relationship between consis-
tency and association frequency is different for final
mappings than for beginning and middle ones. We will
return to this point later when discussing spelling
performance.

The word-frequency predictor (WF) was negatively
correlated with the word-length predictor (LENGTH),
indicating that short words are usually frequent.
Word-frequency was positively correlated with the pho-
nographic neighborhood predictors, indicating that fre-
quent words have more neighbors than rare ones.
Importantly, WF was not significantly correlated with
any of the consistency predictors. This provides us with
an ideal situation because it means that the spelling pro-
cess operating at either the lexical level or sublexical
level can be indexed independently by the frequency
and the consistency predictors.

The lack of a significant relationship between word
frequency and consistency might appear surprising,
given that it has often been pointed out that inconsis-
tent/irregular pronunciations occur more frequently in
common words than in rare ones (e.g., Wijk, 1966). This
relationship between regularity and frequency is also
often assumed to apply to past-tense forms of verbs.
Regarding French orthography, Ziegler et al. (1996)
reported mean usage frequencies (per million) of 220
for orthographically inconsistent words, and 25 for fully
consistent words, with consistency defined over rime-
body associations on monosyllabic words. Similar anal-
yses confined to the monosyllabic words included in
LexOP (Peereman & Content, 1999) indicate that this
relationship follows from the fact that high-frequency
words have a more inconsistent coda (ending consonant
or consonant cluster; 18 vs. 104 per million), although
the correlation was much weaker than expected (�.07).
No such relationship showed up for onset consistency,
and a weak opposite trend occurred for vowels. A con-
gruent picture emerged from our examination of the
De Cara and Goswami database (2002). While a weak
negative correlation between body-rime consistency
(type counts) and frequency was observed (�.05), no
correlation appeared when consistency was estimated
on word beginnings, which included initial consonant(s)
and the following vowel (the ‘‘lead” unit). The relation-
ship between word frequency and mean word consis-
tency was further examined on the French database
Lexique (138,000 entries; New, Pallier, Brysbaert, & Fer-
rand, 2004) after graphemic parsing of the entire corpus.
Phoneme-to-grapheme and grapheme-to-phoneme cor-
relations were computed, using both type and token
counts. None of the four correlations showed a larger
negative value than �.03. These analyses clearly suggest
that the relationship between word frequency and regu-
larity/consistency has been overestimated in the past,
perhaps because it is surprising to find so many irregu-
lar/inconsistent exemplars among commonly used
words. As can be seen in Table 3, even if not large, a
negative value (�.03) between consistency and word fre-
quency was found for word endings, thus matching the
observations made on the LexOP corpus (Peereman &
Content, 1999).

Stepwise regression analyses

Stepwise regression analyses were run to find the best
predictors of spelling-accuracy scores. On average, 40
observations were collected per word. Item-based analy-
ses were conducted at each grade level (G1, G2, G3–5)



Table 3

Pairwise correlations between the predictors used in the study, for grade levels G1, G2, and G3–5

LENGTH PGN-N PGN-F AF-beg AF-mid AF-end FB-beg FB-mid B-end FF-beg FF-mid FF-end

PGN-N �.50/�.51/�.52

PGN-F �.60/�.57/�.60 .65/.67/.68

AF-beg �.02/�.01/�.02 .12/.12/.13 .08/.11/.13

AF-mid .20/.21/.20 .02/.04/.04 �.05/�.03/�.03 .02/.03/.02

AF-end .14/.15/.14 .08/.07/.08 �.04/�.03/.04 .04/.04/.04 .06/.06/.06

FB-beg �.04/�.05/�.04 .06/.06/.06 �.03/.04/.02 .36/.34/.36 .01/.01/.01 .03/.03/.03

FB-mid �.06/�.07/�.06 .08/.08/.07 �.02/�.03/�.01 .05/.05/.05 .30/.25/.30 .09/.09/.09 .03/.02/.03

FB-end .02/.04/.02 �.07/�.07/�.07 �.02/�.02/�.06 .03/.03/.03 �.09/�.08/�.09 �.39/�.38/�.39 .01/.01/.01 �.11/�.11/�.11

FF-beg �.07/�.07/�.07 .13/.13/.13 .07/.11/.14 .59/.55/.59 �.01/�.01/�.01 �.02/�.02/�.02 .56/.58/.56 �.04/�.05/�.04 3/.03

FF-mid .03/.03/.03 .12/.13/.13 .05/.06/.07 �.01/�.01/�.01 .46/.46/.46 �.07/�.07/�.07 .03/.02/.03 .10/.05/.10 3/.02 .03/.03/.03

FF-end .08/.08/.08 �.05/�.06/�.05 �.03/�.04/�.03 �.08/�.07/�.08 .05/.05/.05 �.18/�.23/�.18 �.05/�.05/�.05 �.06/�.07/�.06 6/.05 �.04/�.04/�.04 .08/.09/.08

WF �.37/�.32/�.30 .26/.25/.24 .27/.27/.34 .04/.06/.05 �.02/�.03/�.04 �.02/.02/.03 .04/.04/.04 .06/.03/.01 �.02/�.01 .05/.06/.05 .04/.02/�.01 �.03/�.03/�.03

Note. |r| > .14 in bold (p < .000). G1, first-grade children; G2, second-grade children; G3–5, second- to fifth-grade children; LENGTH, principal-component-analysis z s of the length of the word; PGN-N, phonographic-neighborhood

size; PGN-F, phonographic-neighborhood frequency; AF, association frequency of mappings at the phoneme/grapheme level; FF, feedforward consistency at the phonem apheme level; FB, feedback consistency at the phoneme/grapheme

level; WF, word frequency; beg, beginning of word; mid, middle of word; end, end of word.
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on the same set of 3430 words. The predictors were the
word-length predictor (LENGTH), the two phono-
graphic-neighborhood predictors (PGN-N, PGN-F),
the six positional-consistency predictors (feedforward
predictors FF-beg, FF-mid, and FF-end; and feedback
predictors FB-beg, FB-mid, and FB-end), the three asso-
ciation-frequency predictors (AF-beg, AF-mid, AF-
end), and the word-frequency predictor (WF). Log-
transformed values were used to correct skewness for
the association-frequency predictors (AF-beg, AF-mid,
AF-end) and the WF predictor. The dependent variable
was the word spelling-accuracy score.

The low collinearity observed among predictors in
the correlation matrix showed that they were well-suited
to describe reading–spelling relatedness. The rule of
thumb generally adopted for regression studies is that
no pairwise correlation should be higher than .70 (Baa-
yen et al., 2006), which was the case in our correlation
matrix. Thus, the effects of the predictor variables can
be interpreted individually, and the regression coeffi-
cients should be stable and sensitive to important
changes in the data.2

Table 4 presents the results of the stepwise regression
for each grade. All reported effects were significant at the
.005 level, which corresponds to a significant increase in
the explained variance of more than 0.3%. A feedfor-
ward-consistency effect was found for the middle of
words: FF-mid had robust and constant facilitatory
effects in all grades, with about 13% of the variance
explained. It was the first predictor to be entered in
G1 and G2, and the second in G3–5. The other two feed-
forward-consistency predictors added a small amount of
variance in G1 for FF-beg, and in G2 and G3–5 for FF-
end.

Conversely, word frequency explained a significant
portion of the variance as early as G1, and increased
its weight across grades by roughly 8, becoming the sec-
ond predictor in G2, and the first in G3–5. The other fre-
quency predictors (the association-frequency ones) had a
small impact on accuracy, and AF-mid did not add a
significant portion of the variance at any level.
2 Baayen et al. (2006) advised using the condition number to
provide a diagnosis of multicollinearity. A rule of thumb
(Belsley, Kuh, & Welsch, 1980) is that low collinearity is
associated with a condition number of 6 or less, medium
collinearity with a condition number around 12, and high
collinearity with values of 30 or more. Multicollinearity is never
thoroughly discussed in regression-based studies and condition
numbers are rarely reported (see however Baayen et al., 2006).
In the present stepwise analysis, none of the condition numbers
reached a value above 44, and all condition-number values
exceeding 30 were obtained after the sixth step (out of a
maximum of nine steps). So, we can consider that our
multicollinearity levels were in an acceptable range.
The LENGTH predictor was the third most impor-
tant predictor. In all grades, and especially for G1, per-
formance was better for short that for long words.

Feedback consistency of word endings (FB-end) had
a small negative effect on spelling accuracy, accounting
for about 2% of the variance in each group. It was the
third predictor to be entered in G1 and the fourth to
be entered both in G2 and G3–5. Note that FB-beg
and FB-mid did not add a significant portion of the var-
iance at any level.

Finally, the phonographic-neighborhood predictors
accounted for a significant amount of variance, espe-
cially in G1. In all grades, the number of neighbors
(PGN-N) was facilitatory and the frequency of the
neighbors (PGN-F) was inhibitory.

Analyses as a function of word-syllable length

Additional analyses were conducted to evaluate the
relative contributions of consistency and word-fre-
quency factors as a function of the number of syllables
to spell. The hypothesis underlying these analyses was
that spelling might rely more on lexical lookup for short
words than for long words. Hence, the contribution of
word frequency in the analyses could be larger for
monosyllabic than for polysyllabic words. There were
776 one-syllable words, 1718 two-syllable words, and
936 three- to six-syllable words in the analyses. The same
set of predictors was used apart from the length predic-
tor, which, logically, was discarded. Table 5 presents the
results of the stepwise regression analyses at each grade.

As already observed in the above analyses, the contri-
bution of word frequency increased with grade level sug-
gesting that the lexical-lookup strategy for retrieving
correct spellings was boosted by print exposure and
vocabulary growth. Clear differences as a function of
number of syllables to spell also emerged. The word-fre-
quency effect was larger for monosyllabic than for poly-
syllabic words, already in G1. FF-mid was present in
each grade as the first predictor for polysyllabic words
(about 18% explained variance). FF-mid was also robust
for monosyllabic words: it was the first predictor to be
entered in G1 (11%), and the second in G2 and G3–5.
Word frequency became the first predictor to be entered
in G2 and G3–5 for monosyllabic words, accounting for
about 15% of the variance (out of the 28% explained).
Overall, these results indicate a decreasing role of the
lexical-lookup procedure as word length increases. Inter-
estingly, as can be seen in Table 5, cross-level compari-
sons by number of syllables revealed that the word-
frequency contribution to spelling (R2 change) was even
larger for one-syllable words in G1 than for three- to six-
syllable words in G3–5. This clearly suggests that multi-
ple spelling strategies are simultaneously used by chil-
dren in the different grades, and that word length
partially determines the procedure upon which spelling
is based.



Table 4
Summary of the stepwise regression analysis results in G1, G2, and G3–5 for the 3430 words

Step Predictors b Adjusted R2 R2 change

G1
1 FF-mid .37 .134 .135
2 LENGTH �.29 .220 .086
3 FB-end �.14 .239 .020
4 FF-end .13 .256 .017
5 PGN-N .15 .272 .017
6 PGN-F �.20 .291 .020
7 WF .13 .305 .015
8 AF-beg .11 .315 .011

G2
1 FF-mid .34 .118 .118
2 WF .32 .216 .099
3 LENGTH �.18 .246 .031
4 FB-end �.14 .265 .020
5 AF-beg .10 .275 .010
6 FF-end .11 .286 .011
7 PGN-N .08 .290 .004
8 PGN-F �.10 .295 .005
9 AF-end .06 .297 .003

G3–5
1 WF .36 .127 .127
2 FF-mid .31 .224 .097
3 LENGTH �.15 .245 .021
4 FB-end �.13 .260 .016
5 AF-beg .10 .269 .009
6 FF-end .10 .278 .010
7 AF-end .10 .285 .008
8 PGN-F �.07 .288 .003
9 PGN-N .11 .293 .006

Note. Probability of F at .05 for entry and at .10 for removal. All b values significant at p < .005. G1, first-grade children; G2, second-
grade children; G3–5, second- to fifth-grade children; LENGTH, principal-component-analysis z scores of the length of the word;
PGN-N, phonographic-neighborhood size; PGN-F, phonographic-neighborhood frequency; AF, association frequency of mappings at
the phoneme/grapheme level; FF, feedforward consistency at the phoneme/grapheme level; FB, feedback consistency at the phoneme/
grapheme level; WF, word frequency; beg, beginning of word; mid, middle of word; end, end of word.
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Additional analyses addressed the possibility that the
larger frequency effect in monosyllabic words was due to
their high frequency range compared to polysyllabic
words. To test for this, similar analyses were conducted
only for monosyllabic and polysyllabic words in the
same frequency range (0.30–96 occurrences per 100 mil-
lion words). This resulted in a set of 504 one-syllable
words, 1399 two-syllable words, and 855 three- to six-
syllable words. Overall, there was a decrease in the
word-frequency effect (the beta weights and the R2

changes were lower) because fewer words were tested.
Importantly, however, the pattern of results was similar
to the one presented above. In particular, the larger
word-frequency effect in monosyllabic words than in
polysyllabic words was reproduced when the same fre-
quency range was used for each syllable length (mean
beta weights averaged across grades: .22, .13, and .06,
for one-syllable, two-syllable, and three- to six-syllable
words, respectively).
To further quantify the role of word-syllable length,
interactions between the number of syllables and the
other predictors of interest (i.e., the consistency predic-
tors and the word-frequency predictor) were introduced
into the Full-regression model used above. In line with
Cohen, Cohen, West, and Aiken (2003), interactions
corresponding to new predictor variables were created
from the product of the two variable values. Ten new
variables were obtained by combining syllabic length
with word frequency (WF), each of the six consistency
variables (FF-beg, FF-mid, FF-end, FB-beg, FB-mid,
and FB-end), and the three association-frequency vari-
ables (AF-beg, AF-mid, and AF-end). The analyses
were performed in two steps. First, the 13 basic predic-
tors were entered simultaneously into the model. Then,
the 10 interaction variables were entered using a step-
wise method. The R2 change between the two regression
models (one with the interaction terms in Step 2 and one
without in Step 1) was measured, and the extent of the



Table 5
Summary of the stepwise regression analysis results for each syllable length

Step 1-Syllable words 2-Syllable words 3- to 6-Syllable words

Predictors b R2 change Predictors b R2 change Predictors b R2 change

G1
1 FF-mid .33 .109 FF-mid .42 .180 FF-mid .44 .196
2 WF .24 .060 PGN-N .21 .044
3 FB-end �.18 .030 FF-end .15 .022
4 PGN-N .18 .031 FB-end �.13 .016
5 FF-end .13 .016 WF .11 .012
6 AF-mid �.10 .007 FB-beg .09 .008
7 AF-beg .09 .008
8 AF-end .09 .007

Total adjustedR2 .256 .274 .186

G2
1 WF .37 .137 FF-mid .41 .168 FF-mid .46 .210
2 FF-mid .26 .069 WF .25 .064 WF .17 .028
3 FB-end �.22 .049 PGN-N .17 .029
4 PGN-N .14 .019 FB-end �.12 .015
5 AF-mid �.11 .008 FF-end .14 .017
6 AF-end .09 .008 AF-beg .08 .006
7 FF-beg .08 .006

Total adjusted R2 .287 .291 .225

G3–5
1 WF .40 .163 FF-mid .39 .155 FF-mid .39 .151
2 FF-mid .22 .047 WF .33 .106 WF .22 .048
3 FB-end �.22 .046 PGN-N .16 .023 FF-end .14 .019
4 AF-end .13 .015 FB-end �.12 .014
5 AF-mid �.11 .008 FF-end .12 .014
6 FF-beg .07 .005 AF-beg .10 .010

Total adjusted R2 .277 .317 .209

Note. Probability of F at .05 for entry and at .10 for removal. All b values significant at p < .005. G1, first-grade children; G2, second-
grade children; G3–5, second- to fifth-grade children; LENGTH, principal-component-analysis z scores of the length of the word;
PGN-N, phonographic-neighborhood size; PGN-F, phonographic-neighborhood frequency; AF, association frequency of mappings at
the phoneme/grapheme level; FF, feedforward consistency at the phoneme/grapheme level; FB, feedback consistency at the phoneme/
grapheme level; WF, word frequency; beg, beginning of word; mid, middle of word; end, end of word.

B. Lété et al. / Journal of Memory and Language 58 (2008) 952–977 965
change was evaluated (adjusted R2). Since this method
uses the Full-regression model (i.e., after all basic vari-
ables have been partialed out in Step 1), it does not dis-
card any information.

The interaction variables added a substantial amount
of explained variance in each grade (5% in G1, 6% in
G2, and 7% in G3–5), leading to total explained variance
rates of 36% in G1, 35.7% in G2, and 36.1% in G3–5.
The larger use of sublexical conversion for longer words
was captured by the SYL � FF-mid interaction, which
was first entered into the model on Step 2 at each grade,
and added an average of 1.6% to the total explained var-
iance. Turning to feedback consistency, the SYL x FB-
end interaction was significant in every grade, with a
small and decreasing impact across grades (0.6% in
G1, 0.5% in G2, and 0.3% in G3–5). The other feed-
back-consistency predictors (FB-beg and FB-mid) were
not significant. Finally, SYL interacted significantly with
association-frequency mappings in several cases (inter-
acting with AF-beg in G1 and G3–5, AF-mid in G1,
and AF-end in G2 and G3–5). Except for AF-mid in
G1, all correlations were negative, suggesting that spell-
ing accuracy is less dependent on word length when
words include frequent phonology-to-orthography map-
pings. It is worth noting that the SYL �WF interaction
did not contribute significantly to the accounted vari-
ance (<.02%).

Analyses as a function of word-frequency

Given that word-frequency has often been reported to
modulate the impact of other variables in reading and
spelling performance, stepwise regression analyses were
conducted separately on high- and low-frequency words
in all grades. High-frequency (HF) words had a frequency
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value higher than 50 occurrences per million, and low-fre-
quency (LF) words had a frequency value lower than 10.
Note that these analyses did not compare exactly the same
words for all grades because, as already mentioned, the
words had different frequency trajectories across grades.
There were 959 HF words and 1488 LF words in G1,
921 and 1395 in G2, and 1024 and 952 in G3–5. The same
set of predictors was used apart from the word-frequency
predictor. Table 6 presents the results at each grade.

In both frequency classes, the feedforward-consis-
tency predictor (FF-mid), the LENGTH predictor, and
the feedback-consistency predictor (FB-end) explained
a substantial amount of the variance on the accuracy
scores. FF-mid was the first predictor in all analyses
and its weight in LF words was twice as large as in
HF words. Except for LF words in grades G3–5,
LENGTH was the second predictor entered in the
model. Its contributions for HF and LF words did not
differ greatly (about 6% added variance). Finally, and
again except for LF words in G3–5, the FB-end feed-
Table 6
Summary of the stepwise regression analysis results for high-frequenc

Step High-frequency words

Predictors b R2 change

G1
1 FF-mid .29 .085
2 LENGTH �.25 .063
3 FB-end �.19 .035
4 FF-end .18 .031
5 PGN-N .15 .015
6 PGN-F �.17 .015
7

Total adjusted R2 .234

G2
1 FF-mid .27 .076
2 LENGTH �.28 .073
3 FB-end �.17 .027
4 FF-end .15 .022
5 FF-beg .10 .010

Total adjusted R2 .200

G3–5
1 FF-mid .26 .070
2 LENGTH �.26 .067
3 FB-end �.19 .037
4 FF-end .11 .013
5 FF-beg .11 .011
6

Total adjusted R2 .191

Note. Probability of F at .05 for entry and at .10 for removal. All b va
grade children; G3–5, second- to fifth-grade children; LENGTH, pr
PGN-N, phonographic-neighborhood size; PGN-F, phonographic- ne
at the phoneme/grapheme level; FF, feedforward consistency at th
phoneme/grapheme level; WF, word frequency; beg, beginning of wo
back predictor was the third predictor entered in the
model. As for LENGTH, its effect did not vary across
HF and LF words (about 3% added variance).

The same analysis was repeated using exactly the
same HF and LF words in all grade levels (i.e., words
categorized as high-frequency or low-frequency at all
levels). This criterion led to the selection of the most fre-
quent and the rarest words in the original wordset.
There were 635 HF words (mean frequency of about
400 occurrences per million in each grade) and 660 LF
words (mean frequency of about two occurrences per
million in each grade). The same result pattern as above
emerged for the feedforward-consistency effect, the
length effect, and the feedback effect. However, there
was a noticeable finding for level G1, where the number
of phonographic neighbors (PGN-N) was entered first in
the model and explained 7% of the variance, before two
feedforward-consistency predictors (FF-end and FF-
mid, with 6% and 4% additional explained variance,
respectively).
y and low-frequency words

Low-frequency words

Predictors b R2 change

FF-mid .43 .182
LENGTH �.24 .056
FB-end �.12 .014
PGN-N .24 .034
FF-end .13 .015
PGN-F �.14 .013
AF-beg .10 .011

.312

FF-mid .26 .165
LENGTH �.26 .023
FB-end �.19 .019
AF-beg .11 .013
FF-end .11 .011

.220

FF-mid .38 .142
AF-end .14 .020
PGN-N .11 .012
FF-end .11 .012
AF-beg .11 .012
PGN-F �.15 .013

.199

lues significant at p < .005. G1, first-grade children; G2, second-
incipal-component-analysis z scores of the length of the word;
ighborhood frequency; AF, association frequency of mappings
e phoneme/grapheme level; FB, feedback consistency at the
rd; mid, middle of word; end, end of word.
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As above for the interactions between syllable
length and the other predictors, the interactions
between word frequency and the other predictors were
introduced in the Full-regression model. This resulted
in 10 new variables that were introduced in Step 2
of the regression models, after the 13 basic predictors.
Overall, the word-frequency interaction variables
accounted for less variance than the syllabic-length
interaction variables. Only 1.2% was added in G1,
1.7% in G2, and 3.3% in G3–5, leading to a total
explained variance of 32.7% in G1, 31.2% in G2,
and 32.5% in G3–5. In each grade, the FF-mid consis-
tency interaction (WF � FF-mid) was responsible for
the largest part of the added explained variance
(+1.2% in G1 and in G2, and +2.7% in G3–5), which
shows that the consistency of phonology-to-orthogra-
phy mappings was less influential for high- than for
low-frequency words. Finally, the WF � LENGTH
interaction added a very small amount of variance,
although only in G2 (+0.5%).

Using the characteristics of syllabic mappings as

additional predictors

The final analyses examined the role of syllabic con-
text in phonology-to-orthography conversion over and
above any effect related to phoneme–grapheme map-
pings. Regression analyses on spelling-accuracy scores
were performed in two steps. On Step 1, all predictors
found to be significant in the general analyses described
Table 7
Summary of the regression analysis results with mappings defined a
mappings defined at the syllable grain size on Step 2 (Stepwise metho

Step Predictors

G1
1 LENGTH/AF-end/FF-mid FF-beg/AF-mid/FF-end AF-b

G2
1 FF-mid/WF/LENGTH FB-end/AF-beg/FF-end PGN-N/
2 AFsyl-end
3 FFsyl-mid
4 AFsyl-mid
5 AFsyl-beg

G3–5
1 WF/FF-mid/LENGTH FB-end/AF-beg/FF-end AF-end /
2 FFsyl-mid
3 AFsyl-end
4 FFsyl-end
5 AFsyl-mid
6 AFsyl-beg

Note. Probability of F at .05 for entry and at .10 for removal. All b va
grade children; G3–5, second- to fifth-grade children; LENGTH, pr
PGN-N, phonographic-neighborhood size; PGN-F, phonographic-nei
the phoneme/grapheme level; FF, feedforward consistency at the phon
grapheme level; FFsyl, feedforward consistency at the syllable level
frequency; beg, beginning of word; mid, middle of word; end, end of
above were simultaneously entered into the model. There
were seven predictors in G1 (LENGTH, AF-end, FF-
mid, FF-beg, AF-mid, FF-end, AF-beg), nine in G2
(FF-mid, WF, LENGTH, FB-end, AF-beg, FF-end,
PGN-N, PGN-F, AF-end), and nine in G3–5 (WF, FF-
mid, LENGTH, FB-end, AF-beg, FF-end, AF-end,
PGN-F, PGN-N). Then, on Step 2, the nine predictors
characterizing mapping frequency (AFsyl-beg, AFsyl-
mid, AFsyl-end) and consistency at the syllabic grain size
(FFsyl-beg, FFsyl-mid, FFsyl-end, FBsyl-beg, FBsyl-
mid, and FBsyl-end) were entered using a stepwise
method. As for the interaction analyses, the R2 change
between the two regression models (the first in Step 1
and the second in Step 2) was measured, and the extent
of the change was evaluated (adjusted R2).

Table 7 presents the results of the analyses for each
grade. Note that because Step 1 used only significant
predictors, the adjusted R2 in Step 1 was slightly lower
than the adjusted R2 obtained in the one-step method
presented in Table 4. In G1, syllable consistency added
no significant variance to the Step 1 model. However,
in G2 and G3–5, syllable consistency added a substantial
amount of explained variance to the model (+13% and
+17%, respectively). Note that, unlike in the graph-
eme-consistency analyses, the association-frequency pre-
dictors aggregated the greatest part of the additional
variance: AFsyl-end added about 4% in each grade,
and AFsyl-beg and AFsyl-mid added about 3%. There
was a feedforward-consistency effect at the syllable level
t the graphemic grain size on Step 1 (Enter method) and with
d)

b Adjusted R2 R2 change

eg .248

PGN-F/AF-end .248
.26 .288 .043
.21 .322 .037
.18 .344 .025
.22 .376 .035

PGN-F/PGN-N .268
.28 .328 .061
.26 .368 .041
.17 .387 .021
.19 .413 .027
.19 .436 .024

lues significant at p < .005. G1, first-grade children; G2, second-
incipal-component-analysis z scores of the length of the word;
ghborhood frequency; AF, association frequency of mappings at
eme/grapheme level; FB, feedback consistency at the phoneme/
; FBsyl, feedback consistency at the syllable level; WF, word
word.
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for FFsyl-mid in both grades, and for FFsyl-end in G3–
5. Finally, no significant feedback effect was found at the
syllable level.
General discussion

Main results

The major aims of the present study were to investi-
gate how the statistical distributions of lexical and sub-
lexical units in French orthography relate to
orthographic knowledge and spelling accuracy in chil-
dren, and how these relations change across the first five
grades of elementary school. Gradual changes in young
children’s spelling mechanisms were evaluated using two
main indicators: the word frequency, and the consis-
tency of mappings in the phonology-to-orthography
direction (feedforward consistency) and in the orthogra-
phy-to-phonology direction (feedback consistency). The
underlying idea was that a consistency effect is the mark
of a sublexical procedure for spell words, and a word-
frequency effect is the mark of the use of a lexical-lookup
procedure.

To our knowledge, and at least for the French lan-
guage, the present work was the first to make use of
grade-level-based statistical characteristics of sublexical
and lexical units found in child-directed printed materi-
als to predict the progress of spelling accuracy. More-
over, the large polysyllabic wordset used (3430 words,
each spelled by 40 children per grade) placed our inves-
tigation near those existing in the reading research (in
particular, Balota et al.’s, 2004 study on visual word rec-
ognition, which tested 2906 monosyllabic words seen by
about 30 participants in a lexical task and a naming
task). In the spelling research, a few studies on English
based on the same principle have already been published
(Spencer, 1999, 2001, 2007) but they used a limited sam-
ple of words without a comprehensive description of the
written system addressed to a child.

Consistency values were computed both at a fine
grain size (phoneme/grapheme level) and at a larger
grain size (syllable level) to fully assess how the statisti-
cal properties of the written system shape reading and
spelling acquisition. Interestingly, at a fine small grain
size (phoneme/grapheme), analyses of the consistency
metric of Manulex-infra revealed that the mean feedfor-
ward- and feedback-consistency values of the stimulus
words were similar across grades, indicating that the
complexity of the French orthographic system is already
captured by the French child’s early orthographic
vocabulary, which is limited to 6300 lemmas and
11,300 wordforms in Manulex’s G1 lexicon (vs. about
73,000 and 170,000, respectively, in an adult corpora;
New et al., 2004). So inconsistent words for first-grade
children remain inconsistent in higher grades, and there
is no sharp modification in their levels of grapheme-to-
phoneme or phoneme-to-grapheme ambiguity. Our con-
sistency-metric statistics also corroborated the claim
that the French writing system is less consistent in the
phonology-to-orthography direction than in the orthog-
raphy-to-phonology direction. As shown above, this dif-
ference follows essentially from the silent derivational
marks on word endings.

The regression models explained about 32% of the
variance in G1, 30% in G2, and 29% in G3–5, with con-
sistency computed at the grapheme level. The feedfor-
ward-consistency effect (FF-mid) and whole-word
orthographic frequency (WF) aggregated the greatest
part of the variance. When syllable consistency was
added to the model, the explained variance rose to
38% in G2 and to 44% in G3–5. No added variance
was observed in G1. Given that the dependent variable
was a global behavioral variable that is less consistent
than latency data, for example, which are better at
catching cognitive processes, these percentages of
explained variance may seen moderately strong. At a
fine grain size, the present R2 value was obtained with
only 13 main predictors. This means that the results can-
not be interpreted as being caused by task-irrelevant fac-
tors, such as potential statistical anomalies brought
about by using covariates with highly intercorrelated
variables. By comparison, Balota et al.’s (2004) study
with adults used a set of about 21 predictors (13 phono-
logical-onset predictors and eight lexical predictors
including word frequency, feedback consistency, and
feedforward consistency). In their item-level regression
analyses (2-step hierarchical regression) on accuracy
scores, they were able to account for 25% of the young
adult variance in lexical decision-making, and 13% in
naming. These values were 12% and 8%, respectively,
for their older adults. In a spelling study with children
ranging from G2 to G5, Spencer (2007) obtained an
explained-variance mean of 59% (stepwise method) with
a limited set of predictors. Five word-frequency values
were used, but the ones taken from child-directed mate-
rial (Stuart, Dixon, Masterson, & Gray, 2003) appeared
to have the best predicting power in the model. Feedfor-
ward and feedback consistency were computed from two
corpora of different sizes (Hanna, Hanna, & Hodges,
1966; Spencer, 1999). A phonetic-difference predictor
obtained by subtracting the number of phonemes from
the number of letters was used to represent word com-
plexity. The high mean percentage of explained variance
(46% in all, 23% averaged across grades for the word-
frequency predictor, and 23% for the feedforward-con-
sistency predictor) can be accounted for by the fact that
Spencer used a small set of 120 words of very-high fre-
quency that were mainly function words 2–5 letters long.
That may have ended up reducing the error variance,
and hence, increasing the predictive power of the
predictors.
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Of particular interest in our study were the word-fre-
quency effect and the consistency effect on children’s
spelling accuracy, and their gradual changes across
grades. It was assumed that a decrease in the predictive
power of a variable at one grade level would be accom-
panied by an increase in the predictive power of the
other, or alternatively, that both procedures would be
found in each grade without the increased use of the lex-
ical procedure being counterbalanced by a symmetrical
decrease in the use of the sublexical procedure. Clearly,
our results validated the latter hypothesis. There were
independent facilitatory contributions of both feedfor-
ward consistency and whole-word orthographic form
frequency in all grades, but interestingly, while the feed-
forward-consistency contribution which stayed high and
did not vary across grades, the word-frequency contri-
bution—which was even observed as early as first
grade—took a massive jump between G1 and G2. Feed-
forward consistency had a significant facilitatory effect
in both high- and low-frequency words, but the effect
was greater for low-frequency words, as revealed by
the small but significant contribution of the FF-
mid �WF interaction to the model.

An additional aim of the study was to determine
whether feedback consistency influenced spelling perfor-
mance. All of our regression analyses yielded significant
feedback effects on spelling, that is, significant contribu-
tions of orthography-to-phonology consistency. Curi-
ously, the effect was inhibitory, that is, the accuracy
scores were apparently lower for words that were consis-
tent in the orthography-to-phonology direction. We will
return to this finding below.

A phonographic-neighborhood effect was also found
on accuracy scores. Phonographic words are words dif-
fering by one letter and one phoneme (Peereman & Con-
tent, 1997). The phonographic-neighborhood size
(PGN-N predictor) had a facilitatory effect (accuracy
scores increased as N increased), and the phono-
graphic-neighborhood frequency had an inhibitory effect
(accuracy scores decreased as neighbor frequency
increased). Both effects were entered last in the model
at each grade, and they were greater in beginning spell-
ers than in older ones. To our knowledge, this is the first
demonstration of the effect of phonographically compet-
ing units in spelling. The phonographic-neighborhood-
size effect has already been found for adult naming in
French (Peereman & Content, 1997), and in English
(Adelman & Brown, 2007; Mulatti et al., 2006).

Finally, we evaluated the role of phonology–orthog-
raphy mappings at the syllabic grain size to determine
whether the syllabic context in which phonemes and gra-
phemes occur is taken into account in word spelling. The
results showed that phonology-to-orthography charac-
teristics at the syllabic level added a substantial amount
of explained variance only for the more experienced
spellers (G2 and G3–5).
Let us return in detail to each of the main questions
addressed by the study. We will start by considering the
observed feedforward-consistency and word-frequency
effects, as well as the changes across grades in the contri-
bution of lexical and sublexical predictors. We will then
discuss our observations pertaining to the role of feed-
back consistency and the role of context in spelling per-
formance. Finally, we will consider how the present
findings can be extended to other orthographies, and
the implications of our results in models of spelling
production.

Feedforward-consistency effect, word-frequency effect,

and changes across grades

The feedforward-consistency effect was mainly
observed here when consistency estimates were com-
puted for the middle of words (FF-mid). FF-end could
have been hypothesized to be the best predictor of a
positional-consistency effect because French words are
less consistent at the end (mean feedforward consistency:
44 out of 100; see Table 2) than in the middle (74) or at
the beginning (83). Remember, however, that our stimu-
lus words were more consistent at the end (mean feed-
forward consistency: 53) because many silent
derivational marks were deleted by the dictation proce-
dure (nouns were dictated in the singular and verbs in
the infinitive).

The larger consistency effect for FF-mid than for FF-
end could result, however, from working-memory
demands, as well as from particularities in the consis-
tency-variable distributions. It has been reported that
spelling errors are less frequent in initial position than
on subsequent phonemes, but that word endings are
more often spelled correctly than are medial phonemes
(Kooi, Schutz, & Baker, 1965; Stage & Wagner, 1992;
Wing & Baddeley, 1980), a finding that has been attrib-
uted to processing demands on working memory (see
also Kreiner, 1992). Although the spelling database does
not provide information on spelling-error position, it is
likely that a similar phenomenon occurred there also.
Hence, the stronger effect of FF-mid in predicting per-
formance could simply follow from the higher frequency
of errors in medial position resulting from working
memory limitations. Additionally, the FF-mid and FF-
end predictors had clear distributional disparities. While
the FF-mid distribution is unimodal with a gradual
increase in the number of words as consistency increases,
the FF-end distribution is clearly bimodal, with many
words having a consistency value around .38 and all oth-
ers being perfectly consistent (.100).

As a whole, the findings support the hypothesis that a
major constraint on learning to spell comes from feed-
forward consistency, and that phonology-to-orthogra-
phy mapping is involved even in the most skilled
spellers (G3–5). Our results are in line with those
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obtained by Alegria and Mousty (1994, 1996) and Wee-
kes et al. (2006), who found a feedforward-consistency
effect in the spelling-accuracy scores of second to fifth
grade children. However, contrary to these studies, the
present work showed that children also make use of
orthographic information stored in lexical memory
because a word-frequency effect on spelling-accuracy
scores was found as early as first grade.

Turning to the word frequency, its effects during the
first 5 years of elementary school has apparently not
been studied much, despite abundant findings in the field
of adult word recognition. Moreover, due to the lack of
frequency norms computed from child-directed written
material, the frequency effect has often been manipu-
lated with reference to adult-directed written material.
One exception is a French study reported by Ducrot,
Lété, Sprenger-Charolles, Pynte, and Billard (2003).
Using a perceptual identification task, these authors
found that word frequency (as estimated by Manulex)
had a reliable effect as early as Grade 1, high-frequency
words being recognized better than low-frequency ones.
Comparable research on spelling is even scarcer. Spreng-
er-Charolles, Siegel, and Bonnet (1998) looked into the
development of reading and spelling in first-grade
French children tested in January and June. Their data
corroborated the idea that an orthographic lexicon is
functional by the end of the first grade. The word-fre-
quency effect was observed only in June, both in reading
and in spelling, whereas the regularity effect was already
present on both tasks in January. In a spelling-from-dic-
tation task, Martinet, Valdois, and Fayol (2004)
reported that after only 3 months of literacy instruction,
first-grade French children spelled irregular graphemes
more accurately when they appeared in words that
occurred frequently in their reading book than in words
that occurred infrequently.

Our finding supports these recent studies showing an
early frequency effect in reading development based on
frequency norms computed from child-directed materi-
als. The effect is already present at the end of first
grade, but rises sharply in G2, reflecting the fact that
children retrieve spelling information from lexical mem-
ory through the experience of acquiring and using more
and more vocabulary words. This result is compatible
with the fact that in French, more strongly than in Eng-
lish, the most significant changes in reading acquisition
occur between the first and second grades (for longitu-
dinal data, see Sprenger-Charolles, Siegel, Béchennec,
& Serniclaes, 2003). We also showed that ortho-
graphic-form frequency (whole words) was not signifi-
cantly correlated with any of the grapheme–phoneme
mapping predictors, showing that consistency (difficulty
processing sublexical units) and frequency (difficulty
processing lexical units) are two independent objectives
measures that can be used to study reading and spelling
processes.
Overall the results indicate gradual changes in the rel-
ative contributions of lexical (word-frequency) and sub-
lexical (feedforward consistency) predictors across
grades. This observation, in itself, does not necessary
imply the gradual development of spelling procedures.
Gradual changes may simply follow from the fact that
spelling scores are averaged over many children at differ-
ent stages of development. However, our results provide
some evidence that children in each grade rely on differ-
ent various procedures, depending on word length.
Beginning spellers exhibited a small frequency effect that
suggested moderate reliance on lexical access, but the
effect was limited to monosyllables. Performance on
polysyllabic words within the same frequency range
showed no hint of a frequency effect for beginning spell-
ers but word frequency turned out to be increasingly
influential as spellers acquired more experience. Addi-
tionally, comparisons across grades indicated that even
advanced spellers did not rely more heavily on lexical
retrieval for longer words than did beginning spellers
for monosyllables. These findings strongly suggest that
the relative contributions of the lexical and sublexical
procedures are modulated by word length, and that
any attempt to characterize children as relying on the
lexical or sublexical procedure should consider word
length as a critical factor. We will return to this finding
later because it appears difficult to account for in current
models of spelling.

The feedback effect

A question that motivated the present study was
whether consistency of the feedback relation between
orthography and phonology influences spelling, and
whether this influence changes with spelling skills. Feed-
back-consistency effects in reading, captured by manipu-
lating phonology-to-orthography consistency, have been
claimed to indicate highly interactive processes where
activation continuously spreads back and forth between
orthographic and phonological units during word recog-
nition (Stone et al., 1997). In spelling tasks, feedback
consistency, captured by manipulating orthography-to-
phonology consistency, was reported to modulate accu-
racy in Davies and Weekes (2005), but the effect was not
replicated in a subsequent study by Weekes et al. (2006)
or in a recent study by Spencer (2007). Of course, the
absence of a feedback-consistency effect might result
from less automated processing in children, in such a
way that less activation spreads back and forth between
orthographic and phonological processing units. Two
other hypotheses that do not require the assumption
of highly interactive processing in word spelling can also
be considered for predicting feedback-consistency effects
in children. First, children who are not sure of their own
written productions may verify their responses by read-
ing the spelled words and checking to see whether they
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match the dictated targets. Any difficulty in reading the
words due to inconsistent orthography-to-phonology
mappings would manifest itself as a feedback-consis-
tency effect on the spelling. Second, the self-teaching
hypothesis propounded by Share (1995, 1999) leads
one to predict that the orthographic representations of
words will be more difficult to acquire when the words
are more difficult to read aloud, as is the case when they
include inconsistent mappings between orthographic
and phonological units. Consequently, spelling accuracy
should be influenced by the orthography-to-phonology
consistency of dictated words.

Analyses of the data did not provide a clear picture
regarding the role of feedback consistency in spelling.
While phonology-to-orthography consistency had clear
effects on spelling accuracy, consistency of orthogra-
phy-to-phonology relations did not show up as
expected. Feedback-consistency effects were observed
only for ending graphemes, and the effect went in the
wrong direction, with better performance for words
including inconsistent than consistent graphemes. More-
over, the feedback effect was amazingly stable across
grades (beta weights of �.14 in G1 and G2, and �.13
in G3–5) and tended to be twice as great in one-syllable
than two-syllable words. Finally, the feedback effect did
not vary across word-frequency ranges. It is presently
unclear how one can account for such an observation.
Indeed, there seems to be no obvious reason why feed-
back consistency would cause such an unexpected effect
for ending graphemes but not for initial and medial
ones. Moreover, feedback consistency had no effect at
all when consistency was defined over the larger, syllable
grain size. The surprising effect found for ending gra-
phemes is most likely related to two peculiarities of the
FB-end variable. First, unlike FB-mid, the FB-end dis-
tribution is clearly bimodal, with a first mode around
54 and a second mode around 92. Second, Table 3 indi-
cates that FB-end correlates negatively with the fre-
quency of the grapheme-to-phoneme mappings. As
discussed above, mapping frequency was, on average,
higher for inconsistent than for consistent ending
graphemes.

Thus distributional characteristics of the FB-end var-
iable make the interpretation of the feedback effect quite
risky. In additional analyses, it was found that the feed-
back consistency of word endings influenced accuracy in
the unexpected direction mainly for words with very
high FB-end values (larger than mode 2; n = 614). On
the other hand, the feedback-consistency effect vanished
when only words whose consistency values were below
80 (n = 1463) were included in the analyses. This last
analysis also indicated a facilitating effect of the AF-
end predictor, suggesting that the lack of clear evidence
for feedback effects might have resulted from the partic-
ular, negative correlation between the two predictors.
Setting aside the FB-end effect, the absence of a feed-
back-consistency impact for word-beginning and word-
middle units is similar to the null effect reported by
Weekes et al. (2006) and Spencer (2007). The additional
observation that feedback consistency did not affect per-
formance when computed on larger syllable units also
suggests that our findings are applicable to two different
ways of defining orthography-to-phonology characteris-
tics, one that is based on grapheme–phoneme associa-
tions and the other that takes the surrounding
orthographic context into account.

The contribution of the surrounding orthographic context

to spelling performance

The idea that phonology-to-orthography conversion
proceeds through phoneme-to-grapheme correspon-
dence units has dominated early spelling research (e.g.,
Barry & Seymour, 1988; Kreiner & Gough, 1990; Krein-
er, 1992). However, recent findings clearly suggest that
such an assumption is untenable. For example, Treiman
et al. (2002) showed that vowel spelling in both adults
and children was influenced by the identity of the follow-
ing (coda) or preceding (onset) consonants. We there-
fore looked into whether French children also rely on
contextual information to spell words, and how the
use of contextual information evolves with school grade.
Because other earlier studies (Barry & Seymour, 1988;
Perry et al., 2002) have suggested a limited role of con-
textual information in spelling, our analyses examined
the extend to which considering context in characteriz-
ing phonology-to-orthography associations accounts
for accuracy variability over and above phoneme–
grapheme mappings. As mentioned above, the role of
contextual information was assessed by characterizing
phonology-to-orthography associations over syllabic
units.

Overall, our analyses indicate that mapping frequen-
cies and feedforward consistency at the syllabic level
influence spelling accuracy. A sketch of spelling develop-
ment also emerged here. Beginning spellers seem to rely
solely on phoneme-to-grapheme associations, but older
children make use of contextual information to translate
phonology into orthography. These observations are
compatible with the assumption that children use more
contextual information to spell words as their ortho-
graphic knowledge develops. Through repeated expo-
sure to words, children will gradually learn that some
spellings are more frequent than others in certain con-
texts. However, the finding that phoneme-to-grapheme
associations continue to play an important role in more
advanced spellers is of course an expected result because
phoneme-to-grapheme associations are generally much
more frequent than associations based on larger units.

It is thus likely that spellers use contexts of various
grain sizes but how the spelling procedures are inte-
grated into a final response is still an open question.
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For example, while the conditional consistency measures
developed by Kessler and Treiman (2001) to study the
spelling of monosyllabic words pertain either to the ini-
tial or final parts of the syllable (i.e., the initial conso-
nant and vowel vs. the vowel and final consonant), our
syllabic measures take simultaneously both parts into
account. One possibility is that only the most disambig-
uating context will guide spelling, e.g., if the spelling
choice for a particular vowel is less ambiguous given
the preceding onset consonant than given the following
coda consonant. A slightly different view is that the full
syllabic context contributes to spelling choices. Clearly,
further investigations are needed to gain a deeper under-
standing of the multiple factors that influence spelling
choices, and of how pieces of evidence accumulated at
different grain sizes interact.

Extension of the results to other orthographies

How far can the present findings be extended to other
orthographies? Numerous studies indicate that learning
to read in transparent orthographies, which code pho-
nemes in a consistent way, is easier than in more opaque
orthographies (for a comprehensive study of European
orthography, see Seymour, Aro, & Erskine, 2003; for a
synthesis, see Ziegler & Goswami, 2005). Thus, children
learning the relatively consistent orthographies of Czech
(Caravolas & Bruck, 1993), Turkish (Öney & Goldman,
1984), Italian (Cossu, Shankweiler, Liberman, Katz, &
Tola, 1988), German (Wimmer & Goswami, 1994),
and Spanish (Goswami, Gombert, & Barrera, 1998)
exhibit better word recognition and/or nonword reading
skills by the first or second year of schooling than do
matched English-speaking children.

Given that orthography–phonology consistency
influences reading acquisition, phonology–orthography
consistency can be expected to affect the rate of spelling
development in a similar way. Indeed, children learning
the more consistent orthography of Czech were found to
show faster spelling development than English children
after eight months of schooling (Caravolas & Bruck,
1993). In addition to phonology-to-orthography consis-
tency, orthography-to-phonology consistency might also
have an impact on spelling acquisition. This can be
expected if orthographic knowledge develops as a conse-
quence of reading skills (e.g., Frith, 1985; Share, 1995)
or if inconsistent orthographies delay spelling develop-
ment because words are more difficult to read and pho-
neme segmentation skills are learned more slowly as a
result (Wimmer & Landerl, 1997). Although few cross-
linguistic studies have addressed this question, the better
spelling performance of French than English third-grade
children (Bruck, Genesee, & Caravolas, 1997) suggests a
positive answer, since these two languages are roughly
equivalent on phonology-to-orthography mappings but
French is much more consistent than English in the
orthography-to-phonology direction. However, the Eng-
lish and French languages also differ on other character-
istics, and further empirical observations are required.
In particular, Seymour et al. (2003) showed lower read-
ing skills in children for languages like English which
involve a complex syllable structure.

Cross-linguistic differences in spelling-development
rate are assumed to be accompanied by differences in
how spellers proceed from phonology to orthography.
According to Katz and Frost’s (1992) orthographic-
depth hypothesis, word processing depends more
strongly on sublexical mappings between phonology
and orthography in transparent orthographies than in
opaque ones. Orthographies with complex orthogra-
phy-to-phonology and phonology-to-orthography map-
pings should therefore promote access to stored lexical
knowledge for reading and spelling words (e.g., Seymour
et al., 2003). Along this line, the finding that word fre-
quency influences spelling accuracy as early as Grade 1
in the present study may be related to the high inconsis-
tency of French orthography. In more consistent
orthographies, beginning spellers may rely more heavily
on sublexical mappings, and the word-frequency effect
should be weaker or absent when appropriate children
word-frequency norms are used. Interestingly, Share
(2004) reported that first-grade children in the consistent
orthography of pointed Hebrew did not exhibit ortho-
graphic learning of words and nonwords, although they
reached high accuracy levels in decoding.

Additional observed differences across orthographies
might result from the use of contextual (phonological or
orthographic) information in spelling. In the present
study, French children were shown to be influenced by
syllabic consistency over and above phoneme–grapheme
consistency, an observation that supports the hypothesis
that children make use of surrounding information to
convert phonology to orthography (e.g., Treiman
et al., 2002). More consistent orthographies such as Ital-
ian or Spanish might lead spellers to pay less attention to
the context when converting orthographically unambig-
uous sounds. Differences in the processing unit-size as a
function of orthography-to-phonology consistency have
been hypothesized to exist for reading (e.g., Goswami,
Ziegler, Dalton, & Schneider, 2001; Landerl, Wimmer,
& Frith, 1997; Martensen, Maris, & Dijkstra, 2000;
Treiman et al., 1995) and they are also likely to occur
for spelling.

How the results fit into models of spelling

Spelling models differ on several assumptions related
to the multiplicity of processing pathways and the nat-
ure of knowledge representations. In Localist Dual-
route models, phonology-to-orthography conversion
can rely on two different pathways. For example, in Kre-
iner’s model (Kreiner, 1992; Kreiner & Gough, 1990),
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word spelling can either be retrieved as a whole directly
from lexical memory, or translated sublexically through
the application of phoneme-to-grapheme correspon-
dences rules. The lexical process is sensitive to word-fre-
quency statistics while the sublexical process is
influenced by the regularity of the mappings between
phonemes and graphemes. Critically, in Localist
Dual-route models, the sublexical process is viewed as
operating through the application of simple, mostly
non-contextual phoneme–grapheme correspondence
rules. This conception contrasts sharply with the Con-
nectionist models developed within the parallel-distrib-
uted-processing approach (Rumelhart & McClelland,
1986). In these models (e.g., Brown & Loosemore,
1994; Bullinaria, 1994), phonological input and ortho-
graphic output correspond to activation patterns distrib-
uted over elementary processing units, and learning the
mappings between phonology and spelling typically
involves an intermediate layer of hidden units. Connec-
tionist networks have been shown to simulate a very
large body of reading (Plaut, McClelland, Seidenberg,
& Patterson, 1996) and writing behavior (Houghton &
Zorzi, 2003). Simulation studies have also demonstrated
that such networks develop sensitivity to contextual
information as they learn to map phonological patterns
to orthographic ones (e.g., Bullinaria, 1994) or ortho-
graphic patterns to phonological ones (e.g., Seidenberg
& McClelland, 1989). In what follows, we discuss two
aspects of the present analyses which we believe to have
implications for modelling phonology-to-orthography
conversion. The first is related to the grain size of pro-
cessing units, and the second concerns how contextual
constraints and the word-frequency effect develop dur-
ing learning.

Two important questions in the modelling of spelling
and reading concern the grain size of processing units,
and how contextual constraints develop during learning.
The finding that phonology-to-orthography characteris-
tics computed on syllables are increasingly influential as
children’s spelling experience increases appears compati-
ble with the parallel distributed approach. For example,
Plaut et al. (1996) showed that orthography-to-phonol-
ogy conversion in networks with hidden units was sensi-
tive to higher-order combinations of input units, and
Treiman, Kessler, Zevin, Bick, and Davis (2006) recently
reported connectionist simulations indicating that the
impact of context develops progressively as the network
learns. On the other hand, models assuming that reading
and spelling rely on grapheme–phoneme and phoneme–
grapheme correspondence rules have trouble accounting
for the findings. Although we are not aware of similar
work on spelling, it has been shown that in its current
state of development, the Localist Dual-route model of
reading proposed by Coltheart, Rastle, Perry, Langdon,
and Ziegler (2001) is unable to simulate contextual effects
in adult nonword reading performance (Treiman, Kess-
ler, & Bick, 2003). As discussed by Treiman et al, a pos-
sible way to increase contextual influences in Dual-route
models that incorporate grapheme-phoneme correspon-
dence rules is to allow lexical knowledge to more strongly
affect the phonological conversion of nonwords. Simi-
larly for spelling, Dual-route models able to combine
orthographic codes derived from sublexical conversion
(based on phoneme–grapheme rules) with word-specific
codes accessed in the lexicon might produce contextual
effects in spelling. However, additional hypotheses would
be required to account for the increasing influence of
context as a function of reading and spelling age. Indeed,
the larger and larger syllabic-context effect observed here
cannot result simply from the development of the ortho-
graphic lexicon, because the characteristics of syllabic
mapping were computed specifically for each grade. This
lowers the likelihood that context effects emerge only as a
consequence of the number of words encountered by the
child. Hence, Dual-route models that simulate spelling
and reading development should probably also include
a mechanism by which the respective contributions of
the lexical and sublexical routes evolve gradually with lit-
eracy acquisition.

Some aspects of the data, however, seem difficult to
fully integrate into Single-route Connectionist models,
although further confirmatory evidence and simulation
works are required. In single-route networks, the word-
frequency effect depends on the learning of particular
input–output pattern associations. Similarly, the influ-
ence of contextual consistency, as estimated by condi-
tional consistency in Kessler and Treiman (2001) or
syllabic consistency in the present study, should
develop as a result of the learning of context-sensitive
input–output pattern associations. Because context-sen-
sitive mappings can be assumed to be learned gradually
and to partially depend on the size of the contextual
information, one might have expected sensitivity to syl-
lable consistency to emerge before sensitivity to word
frequency. The results indicate instead that word fre-
quency affected spelling accuracy as early as first grade,
but that sensitivity to syllabic consistency occurred
only later. Localist Dual-route architectures might
account for this finding more easily by assuming that
the orthographic lexicon develops before sublexical
processes become sensitive to contextual information.
A possibility within the connectionist framework would
be to include an additional semantic pathway between
phonological and orthographic units. It has been
observed that the division of labor between the seman-
tic and non-semantic routes causes the non-semantic
pathway to develop sensitivity to contextual informa-
tion less quickly than when compared to single-route
networks (Plaut et al., 1996). Such a dual-route, con-
nectionist network might then be able to simulate early
word-frequency effects without developing sensitivity to
contextual consistency until later.
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Conclusions

Untangling the effects of exposure to print was one of
the major goals of the present study. The question we
examined was whether the linguistic units stored in
lexical memory by the reading process are brought to
bear in a spelling-from-dictation task. These units were
assumed to be built essentially from grapheme-to-pho-
neme mappings. The use of frequency norms computed
from child-directed written materials offered us measures
of the strength of the two-bidirectional coupling between
orthographic and phonological units in the French
child’s spelling system. The present study showed that
the statistical properties of the lexicon influence spelling
performance. The level of knowledge was shown to
determine the type of statistical information used, i.e.,
feedforward-consistency probabilities in all grades, and
word-frequency probabilities in the higher grades.
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