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Received 5 November 2019 transcoding? Contrary to English, German number words comprise

Revised 29 July 2020 decade-unit inversion (e.g., vierundzwanzig is literally translated as

four-and-twenty). To investigate the mental representation of num-
bers, we tested the effect of visual and linguistic-morphological

?f;’:;igﬁ{ng characteristics on the development of verbal-visual transcoding.
Arithmetic In a longitudinal cross-linguistic design, response times (RTs) in a
Cross-linguistic number-matching experiment were analyzed in Grade 2 (119
Audio-visual number matching German-speaking and 179 English-speaking children) and in
Mathematical development Grade 3 (131 German-speaking and 160 English-speaking chil-
Number-word inversion dren). To test for long-term effects, the same experiment was given

to 38 German-speaking and 42 English-speaking adults.
Participants needed to decide whether a spoken number matched
a subsequent visual Arabic number. Systematic variation of digits
in the nonmatching distractors allowed comparison of three differ-
ent transcoding accounts (lexicalization, visual, and linguistic-mor
phological). German speakers were generally slower in rejecting
inverted number distractors than English speakers. Across age
groups, German speakers were more distracted by Arabic numbers
that included the correct unit digit, whereas English speakers
showed stronger distraction when the correct decade digit was
included. These RT patterns reflect differences in number-word
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morphology. The individual cost of rejecting an inverted distractor
(inversion effect) predicted arithmetic skills in German-speaking
second-graders only. The moderate relationship between the effi-
ciency to identify a matching number and arithmetic performance
could be observed cross-linguistically in all age groups but was not
significant in German-speaking adults. Thus, findings provide con-
sistent evidence of a persistent impact of number-word structure
on number processing, whereas the relationship with arithmetic
performance was particularly pronounced in young children.
Crown Copyright © 2020 Published by Elsevier Inc. This is an open
access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

Introduction

When we see the Arabic number 24, we cannot help but coactivate the corresponding number
word twenty-four. However, it is still a matter of debate how we shift from one symbolic number rep-
resentation to another and how this cross-modal shifting develops during childhood, especially in the
case of multidigit numbers. In Dehaene’s (1992) triple-code model, the seemingly effortless switching
between number formats is explained in terms of transfer among three interlinked numerical codes.
The auditory-verbal word frame relies on a general-purpose language module and manipulates spo-
ken number words, the visual Arabic number form processes numbers in Arabic notation, and the ana-
logue magnitude code represents number semantics as abstract numerical quantities. Although the
Arabic number system is used in most languages today (Chrisomalis, 2010), number-word structure
is language dependent and not always consistent with Arabic multidigits. An important and common
discrepancy is the inversion rule (e.g., German, Dutch, Slovenian), requiring to reverse the order of
decades and units (e.g., 24 is literally pronounced as four-and-twenty).

The current study investigated the effect of morphological word structure on the development of
transcoding procedures by comparing German, a language with inversion, with English (no inversion).
In particular, we analyzed response time (RT) patterns for distractor types with varying degrees of
overlap in a verbal-visual number-matching paradigm (e.g., target: twenty-four; distractors: 42, 28,
48, and 36) in order to specifically test different theoretical accounts of number representation.
Because we were particularly interested in the development of integrating tens and units into two-
digit numbers, when the required basic procedures were already learned, we compared task perfor-
mance at three different levels of transcoding expertise (Grade 2, Grade 3, and adults) in both
languages.

Theoretical models of transcoding differ in whether or not accessing number semantics is an obli-
gatory component of the process. Semantic models (e.g., McCloskey, 1992; Power & Dal Martello,
1990) are based on the assumption that the verbal (or visual Arabic) input is first transformed into
an abstract internal magnitude representation and subsequently transformed into the transcoded out-
put (e.g., twenty-four —2 tens, 4 units —24). Asemantic models allow direct cross-modal transfer
between the two symbolic number forms without accessing magnitude representations (e.g.,
Barrouillet, Camos, Perruchet, & Seron, 2004; Dotan & Friedmann, 2018; Power & Dal Martello,
1997). To date, only the ADAPT model (A Developmental, Asemantic, and Procedural model for
Transcoding; Barrouillet et al., 2004) attempts to explain transcoding development. In this model,
transcoding entails lexical components as well as procedural components. Number writing starts with
parsing the phonological input within the verbal word frame, which is temporarily stored in a phono-
logical buffer. A parsing process identifies each single word unit. As soon as a chunk is found that cor-
responds with lexical units in long-term memory, the process stops and the next input chunk is
analyzed. Long-term memory stores lexical primitives, including the early-acquired units (1-9), later
on complemented by teens, decades, and separators such as hundred and thousand. Improvement in
transcoding is explained by continuous development of the procedural system as well as an increasing
number of representational units stored in long-term memory. Accordingly, Barrouillet et al. (2004)
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claimed that, in the (noninverted) French language, children have incorporated two-digit numbers in
their mental lexicon as early as Grade 2. Thus, instead of relying on procedures, the entire number is
directly retrieved from long-term memory.

Contrary to the assumption of progressive lexicalization of multidigit numbers, there is some evi-
dence that morphological characteristics of number words may have a lifelong impact. In an English-
French comparison (both noninverted languages), 10-year-olds with ample experience with double-
digit numbers showed differences in an RT-based transcoding task; RTs for numbers above 60 were
longer in French than in English, probably because of the partly vigesimal number-word system
(eighty is literally spoken as four-twenty) that might hamper lexicalization. The two language groups
did not differ in RTs for numbers with comparable number-word structures (Van Rinsveld & Schiltz,
2016). However, it is unclear whether these results can easily be generalized to inversion, where num-
ber names are unambiguous and only decade-unit order is reversed.

It comes as no surprise that studies found early problems with transcoding multidigit numbers in
languages with inversion property. For instance, German-speaking 7-year-olds had more difficulties
with digit order in number writing than Japanese-speaking peers acquiring a highly transparent num-
ber-word system (Moeller, Zuber, Olsen, Nuerk & Willmes, 2015). Similarly, Dutch-speaking second-
graders made more inversion errors than children speaking French, a language without inversion
(Imbo, Vanden Bulcke, De Brauwer, & Fias, 2014). In line with the assumption that decade-unit inver-
sion affects mostly young learners, van der Ven, Klaiber, and van der Maas (2017) reported a sharp
decrease in the number of inversion errors in Dutch between kindergarten and Grade 3. However,
even though such errors were quite exceptional later on, they did occur up to Grade 6, indicating
an impact of inversion during later development. That being said, overall accuracy rates in conven-
tional transcoding tasks are typically close to ceiling for older children and adults, and this might
obscure enduring language differences in number reading and number writing (Zuber, Pixner,
Moeller, & Nuerk, 2009). RT-based paradigms may help to reveal such differences, even if responses
are correct.

Such an RT-based transcoding paradigm was recently used by Poncin, Van Rinsveld, and Schiltz
(2019). Participants heard a number word first and needed to choose the corresponding Arabic num-
ber from four options. The constituent digits of the Arabic number were presented either simultane-
ously or with a 500-ms delay of either the decade or the unit. Interestingly, slower responses in
inverted German than in noninverted French for simultaneous and tens-first conditions could still
be observed among fourth-graders but not among adults. Indirect evidence of an impact of inversion
even in adults was only reported in a comparison task with double digits (Moeller, Shaki, Gobel, &
Nuerk, 2015; Nuerk, Weger, & Willmes, 2005). For number pairs in which the magnitude decision
for units only was incompatible with the magnitude decision for decades (and therefore the full num-
ber; e.g., 46_72 for which 4 < 7 but 6 > 2), RTs were higher for German speakers than for English speak-
ers, perhaps because the unit is more prominent (it comes first) in number words. In summary,
although previous evidence is suggestive of persistent effects of number-word morphology on
transcoding, no study has as yet reported such effects across different ages.

It is also as yet unclear to what extent visual overlap between digits provides an alternative expla-
nation of RT patterns in cross-modal number matching. Such a visual account is based on the assump-
tion that spoken number words might be mentally transformed into Arabic numbers, followed by a
comparison of visual features shared between this mental imagery and the visually presented num-
bers. This account was first proposed by Cohen (2009), who found an impact of visual similarity in
an audio-visual matching task with single-digit numbers (Cohen, Warren, & Blanc-Goldhammer,
2013). It might also be fruitful to investigate whether the presence of matching digits affects RT pat-
terns for two-digit numbers; nonmatching distractors can be created so that one digit is visually iden-
tical to the target and in the same position (e.g., twenty-four — 28) or is visually identical but in a
different position (e.g., twenty-four — 82).

The high relevance of multidigit transcoding is evident from previous studies showing associations
with arithmetic achievement in languages with number-word inversion (Imbo et al., 2014; Moeller,
Pixner, Zuber, Kaufmann, & Nuerk, 2011; van der Ven et al., 2017) as well as without number-word
inversion (Gobel, Watson, Lervag, & Hulme, 2014; Simmons, Willis, & Adams, 2012). Interestingly,
Gobel, Moeller, Pixner, Kaufmann, and Nuerk (2014) found that additions with carry operations
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required more processing time among German-speaking second-graders than among Italian-speaking
second-graders, indicating that number-word structure, and in particular number-word inversion,
may have a direct impact on arithmetic performance.

The current study

Previous studies on multidigit transcoding in children have mostly investigated errors during num-
ber writing (Imbo et al., 2014; Moeller, Huber, Nuerk, & Willmes, 2011; Pixner et al., 2011; van der Ven
et al,, 2017; Van Rinsveld & Schiltz, 2016; Zuber et al., 2009) or reading (Dowker, Bala, & Lloyd, 2008;
Moura et al., 2013). However, over time errors become exceptional for two-digit numbers. To inves-
tigate correct transcoding of two-digit numbers beyond early development, we applied an RT-based
number-matching paradigm. The impact of number-word inversion was investigated in a cross-
linguistic design comparing samples of German- and English-speaking children and adults. English
and German are ideal for such a comparison because they are closely related Germanic languages with
highly similar lexical number primitives (e.g., drei-three, nineteen-neunzehn, fiinfzig-fifty, hundert-
hundred), but only German applies decade-unit inversion (e.g., vierundzwanzig-twenty-four).

In the number-matching task, participants first heard a number word and then were shown an Ara-
bic digit string. The two numbers either matched (e.g., twenty-four — 24) or did not match (e.g.,
twenty-four — 28). Systematic variation of position and identity of digits in the nonmatching distrac-
tors allowed us to investigate the influence of visual and linguistic-morphological number character-
istics on cross-modal matching. The following distractor types were used:

1. Inverted numbers fully preserving digit identity, but with inverted digit position compared with
the preceding number word: The decade (D) digit was in the unit (U) position and vice versa
(e.g., twenty-four — 42; U+D+).

2. The decade was preserved in position and identity, whereas the unit was different (e.g., twenty-four
— 28; D+U-).

3. The unit was preserved in identity but presented in decade position. The second digit had no over-
lap (e.g., twenty-four — 48; U+D-).

4. The unit was preserved in position and identity, whereas the decade was different' (e.g., twenty-
four — 84; D—U+).

5. Nonrelated distractors (e.g., twenty-four — 36; D—U-).

Based on participants’ difficulties with rejecting each of these distractors, we aimed to test three
competing hypotheses. The lexicalization account is based on the proposition that two-digit numbers
are lexicalized early in development (Barrouillet et al., 2004). Thus, we would expect no major differ-
ences between distractor conditions because they all deviated from the correct lexical entry.

A visual account would predict that Arabic digits overlapping with the target in identity should
negatively influence the speed of rejection. Maximum interference would be expected for U+D+ dis-
tractors because digit identity is fully preserved and only digit position is inverted. Distractors with
overlap in either the unit or the decade (e.g., twenty-four: 28 D+U—, 48 U+D—, 84 D—U+ ) would induce
intermediate interference, with perhaps somewhat more difficulty to reject D+U— (and D—U+) than U
+D— because the latter one retains identity but not position of the unit number. The control condition
with no visual overlap should again be easier to reject than all other distractors. Importantly, this
account would not predict any marked differences between German and English because the visual
overlap is obviously the same.

A linguistic-morphological account would predict language-specific RT patterns. Based on the pro-
cedural transcoding rules for multidigit numbers in the ADAPT model (Barrouillet et al., 2004), we
would expect that morphological number-word structure influences task performance. We would
once again predict most interference if both constituent digits are included in the inverted Arabic
number (U+D+). Critically, however, we would expect that the inversion effect is larger in German

! This distractor type was used only in children’s Grade 3 assessments.
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than in English if the inverted Arabic number is processed in standard reading direction (left to right)
because it shows stronger overlap with the verbal number form.

Language-dependent differences would also be expected for distractors that have either the decade
or the unit of the prior number word in the left-most position. In English, U+D— distractors should be
easier to reject than D+U— distractors because the left digit is not the one that would be expected
when hearing the start of the number word (e.g., twenty-four — 48). For German, matching is a bit
more complicated. If we assume that Arabic numbers are processed in the standard reading direction,
we would expect more interference for U+D— than for D+U- (and D—U+) because the U+D— distractor
starts with the same number as the number word (e.g., four-and-twenty — 48).

It is, however, also possible that German-speaking participants adapt the processing direction
toward the inverted number-word structure and process Arabic numbers in a right-to-left fashion.
There is indeed some evidence for such stimulus-driven adaptations in number processing. Huber,
Mann, Nuerk, and Moeller (2014) observed that in a comparison task with double digits, German-
speaking adults shifted their eye fixations between units and tens depending on whether items could
be mostly solved based on decade comparison or unit comparison. Similarly, a sample of 10 Dutch-
speaking 9-year-olds showed alternating fixation strategies at units and tens in a number line task.
Fixation patterns included (a) equal fixations at both digits, indicating holistic processing, (b) fixating
first the tens and then briefly the unit revealing a decomposed parallel processing, and (c) decomposed
sequential fixations with focusing on the tens and almost not at the units (van Viersen, Slot,
Kroesbergen, van’t Noordende, & Leseman, 2013). Note that these studies did not provide evidence
for a clearly inverted processing direction in the inverted languages German and Dutch. Still, if in
our matching paradigm German-speaking participants indeed process numbers in an adapted right-
to-left fashion, both the D+U- distractor (e.g., twenty-four — 28) and the U+D- distractor (e.g.,
twenty-four — 48) should be easy to reject because neither of them has the correct unit on the
right-hand side. The D—U+ distractor (four-and-twenty — 84; included in Grade 3 assessments only)
should be relatively hard to reject.

In summary, our study goes beyond earlier research in several ways: First, we investigated RT pat-
terns of correct audio-visual transcoding and not only when the transcoding process goes wrong as in
the case of errors during number reading or writing. Second, this is the first direct cross-linguistic
investigation of the effect of inversion in two highly similar languages (German and English). Third,
we went beyond analyzing the cost of items with decade-unit inversion by presenting additional dis-
tractor conditions in which we systematically varied identity and position of the unit or the decade
number in order to better understand how two-digit numbers are represented in the cognitive system.
Furthermore, we investigated the developmental challenges of cross-modal number processing longi-
tudinally across the critical period from Grade 2 to Grade 3, when children are practicing arithmetic
operations with two-digit numbers and thus get ample practice in reading and writing such numbers.
We were also able to compare children’s performance patterns cross-sectionally with adult samples in
both languages.

Last but not least, we aimed to contribute further evidence on the association of cross-modal num-
ber matching with concurrent arithmetic performance in children and adults. In line with previous
research using conventional transcoding tasks such as writing and identifying multidigit numbers,
we expected a positive relationship of matching efficiency with arithmetic in both a language with
inversion (Imbo et al., 2014; Moeller et al., 2011; van der Ven et al,, 2017) and a language without
inversion (Gobel, Watosn, et al., 2014; Simmons et al., 2012). Studies investigating the relationship
between audio-visual matching and arithmetic performance are typically limited to single digits,
and results have been inconsistent (Lin & Gdobel, 2019; Lyons, Price, Vaessen, Blomert, & Ansari,
2014; Sasanguie, Lyons, De Smedt, & Reynvoet, 2017; Sasanguie & Reynvoet, 2014).

The experimental nature of the number-matching paradigm also allowed us to explore whether a
relation of the specific cost to reject an inverted distractor to arithmetic performance would be evi-
dent. If so, we suspect that it might be stronger in German; because units and tens occur in different
order depending on number format, it might be more relevant to suppress incorrect digit order when
doing arithmetic. The focus of the study was on investigating number matching in children. The task
was administered as part of a larger longitudinal study in which we also measured established
domain-general predictors of arithmetic. Hence, we could test whether transcoding would account
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for variance in arithmetic performance above and beyond age, intelligence, and working memory, in
line with previous studies with English-speaking samples (e.g., Gobel, Watosn, et al., 2014; Reeve,
Reynolds, Paul, & Butterworth, 2018).

Method
Participants

Children were recruited from 5 primary schools in Graz (Austria) and 11 primary schools across
Yorkshire (United Kingdom). Overall, 148 monolingual German-speaking children (67 female) and
245 monolingual English-speaking children (116 female) participated at the end of Grade 2. Groups
were matched on duration of formal education. Because schooling starts 1 year earlier in the United
Kingdom than in Austria, German-speaking children were on average 11 months older than their
English-speaking counterparts (German mean age = 8;2 [years;months], SD = 0;4; English mean
age = 7;3,SD = 0;4). One year later in Grade 3, we were able to reassess 145 German-speaking children
(65 female; mean age = 9;1, SD = 0;4) and 190” English-speaking children (89 female; mean age = 8;3,
SD = 0;4).

To check whether there is a consistent pattern in the number-matching experiment across ages, we
also recruited an adult sample consisting of 38 native German-speaking participants (26 female; mean
age = 23;6, SD = 3;1) and 42 native English-speaking participants (30 female; mean age = 19;8,
SD = 2;2). Adults received only the number-matching task and an assessment of arithmetic fluency
(see below). No further predictors were assessed, so that a smaller sample size was sufficient.

This study was performed in accordance with the latest version of the Declaration of Helsinki and
in compliance with national legislation. The University of Graz and the University of York Psychology
Department ethics committees approved the study, and written informed consent was obtained from
participants or their legal guardians.

Materials and procedure

Children carried out the number-matching experiment in the context of an extensive task battery
with individually administered tasks (number matching and working memory) as well as class-
administered tasks (nonverbal reasoning and arithmetic) within the scope of a longitudinal project.
Adults performed only the number-matching experiment and an arithmetic fluency task. Individual
assessments were administered in a separate room at the school (children) or university (adults).

Number matching

This task was presented in PsychoPy Version 1.85.3 (Peirce, 2007). Children sat in front of a laptop,
and adults sat in front of a desktop computer or laptop. Auditory stimuli were conveyed through
headphones.

Each trial began with the auditory presentation of a number word. Immediately after stimulus off-
set, an Arabic number appeared on the screen until participants responded, with a maximum duration
of 4 s. Participants were instructed to press the green button (“1” key on the right side of the QWERTZ
keyboard) when auditory and visual numbers matched and to press the red button (“a” key on the left)
in case of a mismatch. The intertrial interval was 400 ms.

Numerical stimuli consisted of the digits 1-9, excluding 7 because it is the only disyllabic number
word in both German and English. Visual stimuli were presented in black on a white background in
Arial font with a proportional height of 0.3 compared with overall screen size. Auditory stimuli were
recorded by a female native speaker in each language. All numbers were trimmed to remove excess
time before and after the spoken numbers. The duration was matched by slightly adapting the speech
rate to a mean level in each language. We aimed to present items at a natural speech rate while min-

2 The marked loss of children in the English sample was caused by one school that did not participate in Grade 3. Results for
Grade 2 were highly similar when including only children who had data from both time points.
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imizing differences in duration between the two languages due to the fact that German number words
contain the connector und (English and) between decades and units (e.g., vierundzwanzig-English four-
and-twenty). After matching, the duration per number word was 1.4 s in German and 1.2 s in English.
Altogether, 16 different auditory targets (no teens, no decade numbers, and no ties) were presented
(for an overview of all items, see Supplementary Table S1 in the online supplementary material). Each
verbal number word (e.g., twenty-four) was presented four times. To avoid a bias toward “no”
responses, on 50% of the trials (n = 32), verbal number words were followed by the matching Arabic
number. The remaining 32 trials comprised 4 possible nonmatching distractors, with each distractor
type occurring 8 times: (a) an inverted distractor U+D+ (e.g., twenty-four — 42); (b) the decade
matched with the target, whereas a different digit appeared in the unit position D+U— (e.g., twenty-
four — 28); (c) the unit digit of the target appeared at the decade position, whereas the unit position
had no overlap U+D- (e.g., twenty-four — 48); and (d) a nonrelated distractor D—U- (e.g., twenty-four
— 36).

Participants received oral instructions from the experimenter. Six practice trials with feedback
were included at the beginning of the task. The 64 two-digit items were combined with 24 teen num-
bers and 32 three-digit numbers, which were not the focus of the current study because we used dif-
ferent distractor items. Thus, altogether, participants were exposed to 120 items (60 matching and 60
nonmatching). The order of experimental trials was pseudorandomized with the restriction that iden-
tical number words were never presented consecutively and no more than three trials with the same
expected response appeared in immediate succession.

In Grade 3, children were presented with the same cross-modal matching task with slight modifi-
cations. We added a fifth distractor type D—U+ in which the unit matched the target in correct posi-
tion, whereas the decade was replaced (e.g., twenty-four — 84). In addition, the number of nonrelated
distractors was doubled from 8 to 16. To balance the number of “yes” and “no” responses, we adjusted
the number of matching targets. Therefore, children mastered 96 two-digit numbers (including 48
matches and 48 mismatches) combined with 24 teens and 48 three-digit numbers, amounting to a
total number of 168 items.

Adults received the same task version as children during the Grade 2 assessment. Split-half relia-
bility based on RTs for correct responses for two-digit items was .77 in Grade 2, .88 in Grade 3, and .89
for adults.

Arithmetic

In Grade 2, children completed selected items of the Numerical Operations subtest from the Wech-
sler Individual Achievement Test - Second Edition (WIAT-II UK; Wechsler, 2005). Items were adapted
for group use and assimilated to language-dependent notation of arithmetic operations. First, children
needed to master 6 items that involved identifying and writing Arabic digits to dictation and counting
dots. Afterward, they worked on 17 standard arithmetic calculations (addition, subtraction, multipli-
cation, and division with one- to three-digit numbers) with increasing difficulty for 15 min. Scores
represent the number of correct items. Cronbach’s o for this test was .76 for the current sample.

In Grade 3, children received a slightly adapted version of the Numerical Operations subtest. The
first 6 items were dropped because we expected ceiling effects. The task was extended with basic
arithmetic operations with three-digit and decimal numbers. Within 15 min, children worked through
a total of 26 items. Cronbach’s o was .84 for the current sample.

Adults were individually administered the subtests on simple additions, subtractions, and multipli-
cations from a diagnostic inventory of arithmetic skills for elementary school age (Grube,
Weberschock, Blum, & Hasselhorn, 2010). They were asked to write down their responses to the list
of 110 items per calculation type. Total time to complete each subtest was recorded. Response accu-
racy was high (M = 96.97%, SD = 2.60). RTs were z-transformed (with lower z-scores representing
poorer task performance) separately for each task and averaged. Cronbach’s o for the three arithmetic
operations was .88 for the adult sample.
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Domain-general predictors (children only)

Nonverbal reasoning®. A modified version of Raven’s Standard Progressive Matrices (Raven, Raven, &
Court, 1998) was administered in class. The task was presented in an A5 booklet containing 36 items.
The first 2 items (A1 and A2) were used for practice. The remaining items included A3 to A12, B1 to
B12, and C1 to C12. The task was adapted for group administration by including the answer options on
the answer sheet. One point was given for each correct response (maximum score = 34). Cronbach’s «
was .78 for the current sample.

Working memory”. The Digit Recall (forward and backward) and Block Recall subtests of the Working
Memory Test Battery for Children (WMTB-C; Pickering & Gathercole, 2001) were given as measures of
verbal and visual-spatial working memory. Because the Block Recall task included only a forward con-
dition, we added a backward condition. Children were asked to tap an increasingly long sequence of
blocks in reverse order compared with the experimenter. Scores of each subtest reflect the number of
correctly repeated trials. z-Scores were computed for each subtest separately for both groups and were
averaged across conditions. Reliability was checked by correlating the averaged z-scores for both for-
ward tasks and both backward tasks. The correlation was r = .44 (p < .001) in both languages.

Results

The data supporting the findings of this study were collected as part of a larger longitudinal project.
The whole dataset of this longitudinal project also including the data of the present study is available
on ReShare, the UK Data Service’s online data repository, and can be accessed at https://reshare.uk-
dataservice.ac.uk/854398/.

Number-matching accuracy

No informative effects were expected for response accuracy because cross-modal matching of two-
digit numbers was quite easy, even in Grade 2, with accuracy rates around 90% in all but the inverted
distractor conditions, where they were around 80% (see Supplementary Table S2 for details). For the
sake of completeness, results of the error analyses are reported in the online supplementary material.

Number-matching RTs

Data preprocessing

Only RTs of correct responses were analyzed. Data loss due to errors of omission was observed only
in children and did not exceed 2.6% in any of the conditions. Correct responses below 200 ms were
excluded because they were assumed to be anticipatory. Note that numbers were negligible (alto-
gether, 7 items in German-speaking and 43 in English-speaking children in Grade 2 and 2 items in
German-speaking and 28 in English-speaking children in Grade 3). For each group and condition,
RTs more than 2.5 standard deviations above the group average were considered outliers and were
excluded. This removal procedure did not affect more than 3.22% of all responses in any condition.

Exclusion of participants

This task was developed to reveal individual differences in visual-verbal transcoding of two-digit
numbers in participants who had already mastered the basic steps of integrating tens and units. The
overall high response accuracy rates indicate that by Grade 2 the majority of children had mastered
these basic steps. Still, to guarantee validity and reliability of the RT analysis, we decided to exclude
children who, after data trimming and outlier correction, had overall less than 80% of RTs or less than
half of RTs in any of the distractor conditions left. In Grade 2, this exclusion procedure affected 29
German-speaking and 66 English-speaking children. Data from 119 German-speaking children (51

3 This study was part of a larger longitudinal study, and these tasks were administered in Grade 1.
4 This study was part of a larger longitudinal study, and these tasks were administered in Grade 1.
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female) with a mean age of 8;2 (SD = 0;4) and 179 English-speaking children (79 female) with a mean
age of 7;3 (SD = 0;4) were further analyzed. From the second assessment 1 year later in Grade 3, data
from 13 German-speaking and 26 English-speaking children needed to be removed. Therefore, data
from 132 German-speaking children (57 female) with a mean age of 9;1 (SD = 0;4) and 164
English-speaking children (76 female) with a mean age of 8;3 (SD = 0;4) could be analyzed. Based
on the same criteria, we also needed to exclude RTs of 1 German-speaking and 3 English-speaking
adults, who were probably not sufficiently attentive during task performance. Thus, mean RTs were
available for 37 German-speaking adults (26 female) with a mean age of 23;5 (SD = 2;8) and 39
English-speaking adults (28 female) with a mean age of 19;7 (SD = 2;1).

Analysis of distractor conditions

Raw mean RTs are presented in Supplementary Table S3. Because we were mostly interested in the
impact of distractor type on RTs, we directly compared the correct no-responses to distractors with
different degrees of overlap with the target (U+D+, D+U—, U+D—, as well as D—U+ in Grade 3 only).
The nonrelated distractor should be the fastest to reject in all accounts and was regarded as baseline.
To control for overall RT differences between participants, raw RTs were z-transformed in relation to
the nonrelated distractor (D—U-). To exemplify, for U+D+ this z-score was calculated by subtracting
the mean RT of the nonrelated D—U- distractor from the mean RT of the inverted U+D+ distractor and
dividing it by the standard deviation of the D—U— distractor (see Fazio, 1990). Thus, the resulting z-
scores allowed us to investigate the cost involved in correctly rejecting different distractors regardless
of differences in general RTs. This procedure also helped to rule out baseline differences in RTs due to
the age difference between the two language groups for children.

Analysis of standardized RTs

Grade 2

Fig. 1 presents mean z-scores for each distractor condition for German- and English-speaking chil-
dren in Grade 2.

z-Standardized mean RTs (zRTs) were subjected to a 2 x 3 repeated-measures analysis of variance
(ANOVA) with language (German or English) as a between-participants factor and distractor type (U
+D+, D+U—, U+D-) as a within-participants factor. Because the standardization was computed sepa-
rately for the two language groups, no main effect of language was evident, F(1, 296) < 1. The Green-
house-Geisser corrected ANOVA® showed a significant effect of distractor type, F(2, 543) = 48.79,
p < .001, 17,2) = .14, which was modulated by an interaction with language, F(2, 543) = 21.37, p < .001,
1% = .07. Pairwise comparisons of distractor conditions using Bonferroni correction for multiple compar-
isons (the Bonferroni-corrected o level was .008) revealed that, as expected, German-speaking children
had the highest z-score in the inversion distractor condition U+D+ (all ps < .001). When just one digit
overlapped with the verbally presented stimulus, the unit in the first position of the visual number (U
+D-) distracted German-speaking children significantly more than the decade (D+U-) (p = .001). One-
sample t tests confirmed that all three distractors differed significantly from 0, which corresponds to
the z-score of the nonrelated distractor condition, t(118) scores between 2.54 and 8.47, ps between
<.001 and .012, ds between 0.23 and 0.78. To sum up, German-speaking children showed the following
pattern: U+D+ > U+D— > D+U- > D—-U-.

For English-speaking children, a different pattern appeared. Again, the difference between inverted
distractors (U+D+) and overlapping unit distractors (U+D—) was significant (p = .002), and the differ-
ence between inverted distractors (U+D+) and decade-related distractors (D+U—) was marginally sig-
nificant (p = .049) (the Bonferroni-corrected o level was .008). Interestingly, the two distractors
overlapping in only one digit (U+D— and D+U-) did not differ significantly in the English Grade 2 sam-
ple (p = .140). Again, one-sample t tests confirmed that mean zRTs of all distractor conditions were
significantly different from 0, representing the unrelated condition: t(178) scores between 5.85 and

5 In case Mauchly’s test indicated a violation of the sphericity assumption, ANOVAs were Greenhouse-Geisser corrected.
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Fig. 1. z-Standardized mean RTs (zRTs) for four different distractor types (U+D+, D+U—, U+D—, and D—U-) in German-speaking
(dashed line) and English-speaking (solid line) second-graders. The presented two-digit numbers below the distractor labels
exemplify the distractors for the verbally presented number twenty-four. Error bars represent standard errors.

8.35, all ps <.001, ds between 0.44 and 0.62. The resulting pattern for English-speaking children was U
+D+ > U+D— but U+D+ ~ D+U— and D+U— ~ U+D— (all overlapping distractors > D—U-).

Importantly, German-speaking children showed significantly stronger interference of the inverted
distractor (U+D+) than English-speaking children (p = .001) (the Bonferroni-corrected o level was
.017), whereas English-speaking children showed stronger interference of the decade-consistent dis-
tractor D+U— (p = .009). For the unit-related distractor condition U+D—, no language difference was
observed (p = .503).

Grade 3

The repetition of the number-matching task 1 year later in Grade 3 confirmed and extended the
Grade 2 results (see Fig. 2).

A 2 x 4 repeated-measures ANOVA with language (German or English) as a between-participant
factor and distractor type (U+D+, D+U—, U+D—, D—U+) as a within-participants factor revealed main
effects of language, F(1, 294) = 10.80, p = .001 3 = .04, and distractor type, F(3, 789) = 145.56,
p >.001, 11123 =.33, as well as an interaction, F(3, 789) = 22,47, p = .001, 17123 =.07. Pairwise comparisons
(the Bonferroni-corrected « level was .004) showed that German-speaking children again experienced
the strongest interference in the inverted distractor condition (all ps < .001). Standardized RTs for dis-
tractors including a unit were again significantly higher than those for decade-consistent distractors D
+U— (p <.001). Interestingly, this was also the case for the newly added D—U+ distractor, whereas no
difference was observed between U+D— and D-U+ (p =.772), indicating that the position of the over-
lapping unit was irrelevant. One sample t tests revealed that the inversion distractor and both unit
overlapping distractors differed significantly from 0, representing the nonrelated target, t(131) scores
between 4.48 and 13.37, all ps < .001, ds between 0.39 and 1.16, whereas the decade-consistent dis-
tractor D+U— did not, £(131) = 1.28, p = .204, d = 0.11. In summary, the performance pattern of
German-speaking children in Grade 3 was U+D+> U+D— ~ D-U+ > D+U— ~ D-U-.

English-speaking children also showed a pattern similar to Grade 2 with the exception that zRTs for
inverted distractors (U+D+) were significantly larger than decade-consistent distractors D+U—, which
in turn showed significantly larger zRTs than both unit-related distractors (U+D— and D-U+) (all
ps <.001). Similar to the German-speaking sample, the newly added D—U+ distractor was not different
from the other unit-related distractor U+D— (p = .282). As a matter of fact, only the U+D+ and D+U—
conditions differed significantly from O (representing the nonrelated distractor D—U-) [U+D+: ¢
(163)=9.74,p <.001,d = 0.76; D+U—: t(163) = 5.64, p <.001, d = 0.44], whereas both unit-related con-
ditions did not [U+D—: (163) = 0.84, p = .401,d = 0.07; D—U+: {(163) = —0.43, p = .665, d = —0.03]. The
overall pattern for English-speaking children in Grade 3 was U+D+ > D+U— > U+D— ~ D-U— ~ D-U+.
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Fig. 2. z-Standardized mean RTs (zRTs) for five different distractor types (U+D+, D+U—, U+D—, D—U+, and D—-U-) in German-
speaking (dashed line) and English-speaking (solid line) third-graders. The presented two-digit numbers below the distractor
labels exemplify the distractors for the verbally presented number twenty-four. Error bars represent standard errors.

The direct comparison of the two language groups showed that German-speaking children again
had higher zRTs than English-speaking children for all three distractors, including the correct unit digit
(all ps <.001) (the Bonferroni-corrected o level was .013). Only in the decade-consistent condition D
+U— were zRTs higher for English-speaking children than for German-speaking children (p = .005).

Adults

Fig. 3 presents the mean z-scores for the four distractor conditions for German- and English-
speaking adults.

A 2 x 3 ANOVA again revealed a significant main effect of distractor type, F(2, 148) = 27.55,
p <.001, n3 = .27, and a significant interaction with language, F(2, 148) = 8.29, p < .001, 13 = .10
[but no language effect due to z-transformation, F(1, 74) = 0.41, p = .527]. This suggests that, even
among adults, RTs to different distractor types were influenced by language-specific number-word
structure. Pairwise comparisons (the Bonferroni-corrected o level was .008) revealed that German-
speaking adults still showed the strongest interference in response to inverted distractors (all
ps <.001). In contrast to German-speaking children, no difference was observed between the two dis-
tractor conditions overlapping in only one digit (D+U— and U+D—, p = .623). One-sample t tests
revealed that the inversion distractor U+D+ and the decade-consistent distractor D+U— differed signif-
icantly from O, representing the nonrelated target [U+D+: t(36) = 8.00, p < .001,d=1.31; D+ U—: t
(36) = 4.23, p < .001, d = 0.70], whereas the unit-related condition did not [U+D—: t(36) = 2.50,
p =.017, d = 0.41]. Because adult sample sizes were relatively small, we wanted to rule out that the
nonsignificant effect was due to lack of statistical power. We used Bayes factor (BF) analysis
(Dienes, 2014), which is less dependent on sample size than standard frequentist analyses, to deter-
mine the relative strength of the null hypothesis. The BF is defined as the ratio of the likelihood of
a particular hypothesis H1 to the likelihood of the null hypothesis HO (Wagenmakers et al., 2018).
Bayesian statistics were performed with JASP software (JASP Team, 2019). To interpret the BFs, we
drew on standard values of BF less than 1/3 (meaning that the HO is three times more likely than
the H1) as evidence in favor of the null hypothesis and BF greater than 3 (meaning that the H1 is three
times more likely than the HO) as evidence for the alternative hypothesis (Dienes, 2014;
Wagenmakers et al., 2018). For German-speaking adults, a Bayesian paired-samples ¢ test revealed
strong evidence that zRTs for partly overlapping distractors (D+U— and U+D-) did not differ from each
other (BFjp = 0.212). Bayesian one-sample t tests showed anecdotal to moderate evidence
(BF10 = 2.674) in favor of larger zRTs in the unit-related distractor (U+D—) compared with 0, represent-
ing the nonrelated distractor. The overall pattern for German-speaking adults was U+D+ > D+U— ~ U
+D—; U+D+ | D+U— > D-U—, but U+D— > D-U—.
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Fig. 3. z-Standardized mean RTs (zRTs) for four different distractor types (U + D+, D + U—, U + D—, and D — U-) in German-
speaking (dashed line) and English-speaking (solid line) adults. The presented two-digit numbers below the distractor labels
exemplify the distractors for the verbally presented number twenty-four. Error bars represent standard errors.

For English-speaking adults, the post hoc comparisons showed no significant differences between
U+D+ and D+U- (p = .406). However, the inverted distractor (U+D+) differed significantly from the U
+D— condition (p = .003). After Bonferroni correction (o level =.008), the decade-consistent distractor
(D+U-) and the unit-related condition (U+D—) did not significantly differ from each other (p =.012),
similar to findings in Grade 2. To check whether the three conditions were harder to reject than the
unrelated D—U- condition, we ran one-sample t tests. It turned out that for English adults, only the
U+D+ and D+U- conditions differed significantly from O (representing the nonrelated distractor
D-U-), ts(38) = 6.67 and 5.71, ps < .001, ds = 1.07 and 0.91, whereas the U+D— condition did not, t
(38)=2.45,p =.019,d = 0.39.

Bayesian statistics provided substantial evidence for the null hypothesis that zRTs for inversion dis-
tractors (U+D+) and decade-consistent distractors (D+U—) were similar (BF;o = 0.236). The evidence
that zRTs of both partly overlapping distractors (D+U— and U+D-) differed from each other can be
rated as anecdotal (BF;g = 1.507). The same was true when we tested zRTs of the unit-related distrac-
tor U + D— against O (representing the nonrelated distractor) (BF;o = 2.368). The overall pattern for
English-speaking adults was U+D+ ~ D+U— > D—-U—; U+D+ > U+D—; D+U— ~ U+D—; U+D— ~ D-U-.
The Language x Distractor Type interaction was due to a significantly stronger inversion effect in Ger-
man than in English, even among adults (p =.011) (the Bonferroni-corrected « level was .017). No lan-
guage differences were found for the two other distractors (D+U—: p =.122; U + D—: p = .930).

Associations of number matching with arithmetic

To examine the association of our number-matching performance with arithmetic, two indicators
of transcoding efficiency were investigated: (a) mean RTs for correct “yes” responses to matching tri-
als (RT_match) and (b) as a direct measure of the cost of inversion, the individual zRTs of our U+D+
distractor that resulted from relating the inversion condition to the unrelated condition [inversion
effect = (My+p+ — Mp_uy_) | SDp_y_]. Our large samples of children also allowed us to investigate
whether transcoding performance predicted arithmetic skills over and above domain-general predic-
tors (age, nonverbal reasoning, and working memory). The online supplementary material presents
descriptives and zero-order correlations of all variables included in the regression model for Grade
2 (Supplementary Table S4) and Grade 3 (Supplementary Table S5).

The specific association between the number-matching indicators and arithmetic was analyzed
based on hierarchical regressions with age and domain-general predictors (nonverbal reasoning and
working memory) entered as predictors in Step 1. As the second step, either RTs for the matching con-
dition (Step 2A: RT_match) or the specific inversion indicator (Step 2B: inversion effect) was entered.
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In Grade 2, RTs for correct matching decisions predicted arithmetic performance over and above
domain-general predictors, whereas the inversion effect explained unique variance in German
second-graders only (see Table 1). The language-specific effect in German highlighted the impact of
number word morphology on transcoding and demonstrated its consequences for higher skills such
as arithmetic performance. This explicit relationship seems to be limited to early development given
that zero-order correlations between the inversion effect and arithmetic were not significant in Grade
3 (Supplementary Table S4) . However, in both languages the ability to identify a match (which con-
tained the correct application of the inversion rule in German) turned out to be a more stable predictor
of arithmetic skills (see Table 1 for Grade 3).

To consider whether the associations observed among children persisted into adulthood, simple
correlations between the two transcoding indexes and arithmetic were calculated for the adult sam-
ples. In German-speaking adults, the speed to correctly detect a matching target (RT_match:
M = 534 ms, SD = 77) was not significantly related to arithmetic skills (r = — .25, p =.144), with Baye-
sian statistics showing only anecdotal evidence (BF;q = 0.571). For English-speaking adults, the corre-
lation between arithmetic and RTs for matching targets (RT_match: M = 504 ms, SD = 67) was
significant (r = -.51, p = .001), with strong evidence in favor of the alternative hypothesis displayed
by Bayesian statistics (BF1o = 37.765). The inversion effect was not significantly related to arithmetic
either in German (r = -.01, p = .976, BF;o = 0.205) or in English (r = .14, p = .388, BF;g = 0.286). The BFs
associated with these correlation coefficients clearly indicate that the null hypothesis of absent asso-
ciation between the inversion effect and arithmetic is four to five times more likely than the alterna-
tive hypothesis of an existing relationship.

Discussion

The current study investigated the relevance of linguistic and visual characteristics on transcoding
of two-digit numbers in children and adults. In our number-matching paradigm, we were particularly

Table 1
Hierarchical multiple regression analyses for German- and English-speaking second-graders predicting arithmetic performance in
Grade 2 and Grade 3, with the ability to reject an inverted distractor (Step 2A) and the ability to identify a match (Step 2B).

Grade 2 Grade 3
German-speaking English-speaking German-speaking English-speaking
children children children children
t B s? ot B s? ot B s? ot B sr?
Step 1
Age 2.26* 19 .04 204" a5 .02 2.02* A5 .02 151 10 .01
Nonverbal reasoning 2.87 26 .06 218* 16 .02 449 36 .11 3927 28 .06
Working memory 2.00* 18 .03 370 27 .06 337 27 06 569 39 14
R? 197 8™ 327 397
Step 2A
RT_match -367° -31 .09 -284 -20 .04 -333 -24 .05 -358 -23 .05
Total R? 28" 227 38" 397
AR? 09" .04 06" 05"
Step 2B
Inversion effect? -2.09° -18 .03 -154 —-11 .01 -092 —-07 <01 -034 -.02 <01
Total R? 227 197 337 347
AR? .03* .01 <.01 <01
n 118 178 131 160

Note. The dependent variable is the Numerical Operations subtest of the WIAT-II UK. The beta coefficients from domain-general
predictors are reported only for Step 1 because there was just a minimal change in beta coefficients from Step 1 to Step 2. sr?,
squared semipartial correlations.

" p<.05.

" p<.01.
™ p<.001.

¢ Inversion effect = (My.p+ — Mp_u_) [ SDp_u_.
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interested in (a) the linguistic-morphological effect of the inversion property in German, but not Eng-
lish, spoken number words and (b) the effect of visual overlap between the Arabic digit string repre-
senting the spoken number word and the presented Arabic digit string of distractor items. By
comparing specifically selected distractor types, we aimed at differentiating among three different
explanatory accounts (lexicalization, visual, and linguistic-morphological accounts). An important
feature of the current paradigm is that it allows analysis of RTs and thus is not influenced by ceiling
effects. As a matter of fact, we specifically aimed at investigating verbal-visual transcoding at times
when the integration of tens and units into two-digit numbers has already been acquired. The system-
atic RT differences between distractor conditions are not in line with the assumption of the ADAPT
model (Barrouillet et al., 2004) that two-digit numbers are lexicalized early in development. Differ-
ences between distractor conditions were evident in German, a language with number-word inver-
sion, as well as in the noninverted English number language across all age levels, pointing toward
procedural transcoding rather than lexical retrieval.

Within each language, the performance patterns across distractor conditions were surprisingly
similar among children in both Grades 2 and 3 and even among adults. The patterns unveiled persis-
tent difficulties in rejecting the U+D+ distractor in German compared with English, which can be best
explained by the German number-word structure. The unit number appears first in the auditory num-
ber word (e.g., vier-und-zwanzig literally means four-and-twenty), which mirrors the order of digits in
the common left-to-right reading direction. These language effects indicate that the inversion prop-
erty places specific processing demands during simple transcoding procedures even for double-digit
numbers. This evidence corroborates earlier findings indicating that French-speaking children
responded faster to two-digit numbers than German-speaking children who need to deal with inver-
sion (Poncin et al., 2019). It extends earlier reports on differences in transcoding performance between
children speaking languages with different number-word structures (Imbo et al., 2014; Moeller, Zuber
et al., 2015; Poncin et al., 2019; Van Rinsveld & Schiltz, 2016) because it is the first systematic cross-
linguistic comparison of the highly similar German and English languages that revealed an effect of
number-word structure even in highly experienced adults. Our findings indicate that the inversion
property adds specific processing demands during simple transcoding procedures even for double-
digit numbers. Whereas earlier studies on inversion mostly reported the unsurprising finding that
when young children read or write multidigit numbers, inverted languages provoke more inversion
errors than noninverted languages, we took a critical further step by testing competing accounts of
the mechanisms underlying audio-visual number matching.

The performance pattern of German-speaking children in Grades 2 and 3 fits perfectly with the
assumption of a linguistic-morphological account; the inversion condition (U+D+) constituted a par-
ticular challenge, with significantly higher RTs than in all other conditions. Moreover, German-
speaking children showed higher RTs in the U+D— condition than in the D+U— condition. Thus, both
distractors containing the target unit (U+D+ and U+D-) induced higher RTs than the decade-related
distractor (D+U-). Interestingly, decade-related distractors could be rejected just as quickly as unre-
lated distractors in the Grade 3 assessment, suggesting that children were able to reject as soon as
they realized that the perceived unit number was not contained in the Arabic double digit.

Note that our findings do not provide much support for the idea that German individuals may
adapt their direction of processing Arabic numbers to a right-to-left fashion in order to process the
unit first. None of the distractor conditions given in Grade 2 included the correct unit on the right-
most position, so based on a right-to-left processing direction, they all could be rejected right away
without major differences between conditions. More evidence against clear right-to-left processing
comes from the fact that we did not observe differences between U+D— and D-U+ conditions in
our Grade 3 assessment. It seems that the presence of the matching unit number delayed rejection
(compared with English-speaking peers) regardless of its exact position.

Results for German-speaking adults were somewhat less clear than those for children given that
the difference between the D+U— and U+D- conditions was not significant, resembling the pattern
for English-speaking adults. Note that Poncin et al. (2019) also used an audio-visual matching para-
digm with German-speaking 10-year-olds and adults. In their task, participants needed to select the
matching number out of four Arabic options. Interestingly, adults responded faster when the units
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of the response alternatives were presented with a 500-ms delay than when the units were presented
first, whereas 10-year-olds did not (yet) seem to profit from a decade-first presentation. Poncin et al.
suggested that transcoding may evolve to a sequential ten-unit order over time, but this development
might be slower in a language with inversion. Such a developmental perspective would be in line with
the performance patterns observed here.

In general, English-speaking participants also showed interference for inverted distractors. How-
ever, the zRTs were consistently smaller than in the matched German-speaking samples. Interestingly,
English-speaking second-graders and adults not only showed no difference between unit-related and
unrelated distractors, but they also did not need more time to reject the inverted distractor compared
with the decade-consistent distractor D+U—. Note that a purely visual account would predict differ-
ences between those conditions, as well as between the two unit-related conditions, due to differences
in visual overlap. On the other hand, the D+U- and U+D- conditions are relatively similar in their
amount of visual overlap (both have one digit in common with the target) but clearly differed in
RTs across all age groups. Only in the English Grade 3 assessment did we observe significantly higher
RTs for the inverted distractor compared with the visually less overlapping decade-consistent distrac-
tor, indicating that visual features are also at play in cross-modal number matching.

Importantly, the overall RT patterns for English-speaking children were profoundly different from
those observed in German. In Grade 2, inverted items (U+D+) took longer to reject than U+D— items
overlapping only in unit identity. The D+U— condition, overlapping in decade identity as well as posi-
tion, also induced high interference, which was actually not different from either the inverted condi-
tion (U+D+) or the unit-consistent position (U+D-). One year later, in Grade 3, both distractors
including the decade (U+D+ and D+U-) caused significantly higher RTs than both distractors including
the unit (U+D— and D-U+), which no longer differed from the unrelated distractor (D—U-). Thus, at
this age any visual overlap in the unit position no longer affected children’s decision to reject a non-
matching item. This can be interpreted as further evidence for a linguistic-morphological account:
Because English number words start with the decade, all items that do not include the decade number
can be disregarded quickly regardless of any unit overlap.

Our findings demonstrate the crucial relevance of a cross-linguistic approach directly comparing
languages with deviant number-word structure. Solely based on the performance pattern in English,
a clear differentiation between a visual account and a linguistic-morphological account would be dif-
ficult because they make similar predictions for languages with consistent order of the constituents of
verbal and visual Arabic numbers. Importantly, the differences in RT patterns between age groups
indicate that the development of transcoding continues even after correct application of transcoding
rules.

The audio-visual number-matching experiment specifically addressed mechanisms involved in
transcoding. The task format (presentation of spoken number words followed by Arabic digit strings)
encouraged participants to successively analyze and convert spoken number words into Arabic digits
as proposed by the ADAPT model (Barrouillet et al., 2004). The model was originally designed for num-
ber writing. Our task format did not involve explicit number production but rather involved verifica-
tion of written Arabic numbers, which also requires transcoding from verbal numbers into Arabic
numbers. The current results show that the ADAPT model needs some adaptation. As pointed out
by others (Imbo et al., 2014; Zuber et al., 2009), it should be adjusted to explain linguistic character-
istics affecting transcoding procedures. Languages with inversion property require an additional pro-
cedural step that is currently lacking from the model. The assumption of lexicalization should be
revisited given that we found a long-lasting impact of language on cross-modal matching. Even
though the linguistic-morphological account was the most plausible approach to explain differences
between English- and German-speaking participants, we cannot entirely rule out that lexicalization
and visual characteristics might contribute to performance on the number-matching task. We do
not see the three accounts discussed here as mutually exclusive.

Based on the verbal-visual matching paradigm, we also aimed to contribute to the ongoing debate
on whether or not transcoding performance is associated with arithmetic performance. Although such
an association has repeatedly been shown for the very first steps of understanding multidigit numbers
(Gobel, Moeller, et al., 2014; Gobel, Watson, et al., 2014; Imbo et al., 2014; Moeller et al., 2011;
Purpura, Baroody, & Lonigan, 2013), findings are inconsistent for transcoding efficiency beyond early
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development, as assessed in terms of RTs (Lin & Gébel, 2019; Lyons et al., 2014; Sasanguie et al., 2017;
Sasanguie & Reynvoet, 2014). Furthermore, no other study so far has investigated this association
cross-linguistically, directly comparing two languages with inverted versus consistent number word
structure.

For children in both languages, we found significant associations of arithmetic performance with the
efficiency to identify an Arabic double-digit number matching a previously presented number word
even after controlling for domain-general predictors. Thus, at the end of Grade 2, as well as at the end
of Grade 3, the efficiency of matching verbal and visual Arabic representations of multidigit numbers
is a relevant foundation of children’s arithmetic performance regardless of linguistic number-word
structure. Even though our adult samples were much smaller because we mostly wanted to investigate
long-term impacts of inversion on transcoding itself, we still found a significant association between
transcoding efficiency and arithmetic for English, although not for German. For two-digit numbers, iden-
tifying a match in German involves the imperative application of inversion rule. In our arithmetic task,
however, participants performed simple arithmetic exercises containing many single-digit operations.
This might explain the weak but nonsignificant relationship. Future studies should investigate this asso-
ciation in larger samples and with more sensitive measures of arithmetic performance.

We also explored whether the efficiency with which participants processed decade-unit inversion
was related to their arithmetic performance by relating the specific cost to reject an inverted number
with arithmetic performance. Interestingly, even after controlling for domain-general predictors, this
association was significant for German-speaking, but not English-speaking, second-graders. This pro-
vides tentative evidence that efficient processing of decade-unit inversion is more relevant to arith-
metic in a language that systematically implements the inversion property. This result is consistent
with the findings by Gobel, Moeller, et al. (2014), who reported more processing time for additions
with carry in German second-graders than for Italian second-graders.

One year later in Grade 3, as well as in our relatively small adult samples, we did not observe sig-
nificant correlations between the inversion effect and arithmetic in either German or English. Thus,
inversion clearly influences number processing but might have rather temporary and specific effects
on arithmetic performance.

Conclusion

Our findings support the idea that the process of transcoding two-digit numbers is driven by
language-specific number-word structure. German-speaking participants who need to deal with the
reversed order of units and tens showed higher interference when rejecting an Arabic number con-
taining the unit. The opposite pattern was found for English-speaking participants who showed higher
interference when the decade was included. These findings provide evidence against early lexicaliza-
tion of two-digit number words as proposed by the ADAPT model (Barrouillet et al., 2004) and cannot
be explained by a visual account. This is the first evidence that theoretical models of transcoding need
to account for language-specific transcoding rules such as inversion (Zuber et al., 2009) even in skilled
transcoders. Moreover, proficient switching between number words and Arabic numbers indicated by
faster identification of a verbal-visual match was related to better arithmetic skills. These findings
illustrate the relevance of multidigit decoding efficiency for arithmetic performance, especially during
development.
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