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Number Stroop effects in Arabic digits and ASL number signs: The impact of age and

setting of language acquisition.

Nina Semushina, Rachel 1. Mayberry

Abstract

Multiple studies have reported mathematics underachievement for students who are deaf,
but the onset, scope and causes of this phenomenon remain understudied. Early language
deprivation might be one factor influencing the acquisition of numbers. In this study, we
investigated a basic and fundamental mathematical skill, automatic magnitude processing, in two
formats (Arabic digits and American Sign Language number signs) and the influence of age of
first language exposure on both formats by using two versions of the Number Stroop Test. We
compared the performance of individuals born deaf who experienced early language deprivation
to that of individuals born deaf who experienced sign language in early life and hearing second
language learners of ASL. In both formats of magnitude representation, late first language learners
demonstrated overall slower reaction times. They were also less accurate on incongruent trials but
performed no differently from early signers and second language learners on other trials. When
magnitude was represented by Arabic digits, late first language learners exhibited robust Number
Stroop Effects, suggesting automatic magnitude processing, but they also demonstrated a large
speed difference between size and number judgments not observed in the other groups. In a task
with ASL number signs, the Number Stroop Effect was not found in any group, suggesting that
magnitude representation might be format-specific, in line with the results from several other
languages. Late first language learners also demonstrate unusual patterns of slower reaction time
for neutral rather than incongruent stimuli. Together, the results show that early language
deprivation affects the ability to automatically judge quantities expressed both linguistically and
by Arabic digits, but that it can be acquired later in life when language is available. Contrary to
previous studies that find differences in speed of number processing between deaf and hearing
participants, we find that when language is acquired early in life, deaf signers perform identically

to hearing participants.
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Introduction.

Mathematic underachievement and language deprivation

Several studies have reported delays in number acquisition and mathematical development
in deaf students. The delays are often attributed to hearing loss, unrelated to setting of education
(Kritzer, 2009; Traxler, 2000; D. Wood, Wood, & Howarth, 1983; H. A. Wood, Wood, Kingsmill,
French, & Howarth, 1984), and are hypothesized to persist into adulthood, since deaf college
students in several experiments processed magnitude more slowly than hearing students (Bull,
Marschark, & Blatto-Vallee, 2005; Epstein, Hillegeist, & American, 1994). These delays are often
found in studies that use standardized school tests with spoken language (Gottardis, Nunes, &
Lunt, 2011). However, other studies have not identified such delays in children or adults who are
deaf, especially when looking at individual aspects of mathematical development (Bull, Blatto-
Vallee, & Fabich, 2006; Gottardis et al., 2011; Iversen, Nuerk, & Willmes, 2004). For example,
deaf preschoolers outperformed their hearing peers on some spatial and temporal numerical tasks
(Arfé et al., 2011; Zarfaty, Nunes, & Bryant, 2004), which indicates that hearing loss per se does
not impact quantity discrimination and number reasoning at young ages.

Proficiency in sign language positively correlates with mathematical achievement in deaf
children (Henner, Pagliaro, Sullivan, & Hoffmeister, in press.; Hrastinski & Wilbur, 2016).
Moreover, a positive impact of bimodal bilingual education on school performance has been
demonstrated for deaf children with various language backgrounds: in mathematics specifically
(Lange, Lane-Outlaw, Lange, & Sherwood, 2013) and in other aspects such as reading and spoken
language proficiency (Henner, Hoffmesiter, R., Fish, S., Rosenburg, P., & DiDonna, 2015;
Hermans, Knoors, Ormel, & Verhoeven, 2008). Deaf children from deaf families who have access
to sign language at home show an advantage in standardized mathematic assessments, scoring on
par or even better than their hearing peers (Henner, Pagliaro, Sullivan, & Hoffmeister, in press).

However, deaf and hard of hearing students do not constitute a homogenous group, but
vary in life experience and cultural and language background. Fewer than 10% of deaf children

are born into deaf families using sign language; the remaining 90% receive limited or no sign
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language (Mitchell & Karchmer, 2004) and thus many experience reduced language exposure early
in life.

Lack of language exposure in early life limits early number exposure (such as number
words or signs, grammatical plural markers, and the context for numbers in reading and
storytelling) that are foundational (Anderson, Anderson, & Shapiro, 2005; Kritzer, 2009; Pagliaro
& Kritzer, 2013). It also negatively affects working memory (Marshall et al., 2015), which is
necessary for successful acquisition of numbers and mathematics (Holmes & Adams, 2006). It has
been shown that the working memory of deaf children from deaf families (6 — 11 years old) who
had early access to sign language is not different from that of hearing controls on non-verbal
working memory assessments; whereas deaf children with later language access scored
significantly lower (Marshall et al., 2015). In addition, not all deaf individuals have access to a
natural sign language, even by school age, experiencing severe language deprivation: a biological
state interfering with the development and maturation of the brain neurolinguistic structures
(Cheng, Roth, Halgren, & Mayberry, 2019; Humpbhries et al., 2016; Pénicaud et al., 2013). In most
severe cases, the first sign language input is received only post-childhood, past the sensitive period
for language acquisition (see Mayberry & Kluender, 2018 for detailed discussion of language
deprivation and sensitive period). The effect of language deprivation on number acquisition is
understudied. Here we report one approach to investigating several unanswered questions that can
illuminate mathematical development in this population.

First, we ask if early language deprivation affects automatic number processing, a basic
skill that is needed for calculation. To answer the question, we compared performance on a
Number Stroop Test with Arabic digits of late first language learners of ASL with two control
groups, deaf early childhood learners of American Sign Language (ASL) and hearing second
language learners of ASL. Second, there are many ways to represent number symbolically. At an
initial stage, number acquisition involves the interaction of different types of representation:
number signs and digits. This fact requires that we ask whether the automatic processing of
magnitudes depends upon the format or alternatively is similar across digits and number words.
The results have been controversial (see Cohen Kadosh & Walsh (2009) for a review). Therefore,
we asked participants to do a Number Stroop Task with ASL number signs to determine whether

the Number Stroop Effect typically found for Arabic digits is also evoked by number signs.
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The third question we asked was whether language deprivation affects magnitude
processing for both number formats similarly, taking into account that late first language learners
might have been exposed to Arabic digits earlier than to number signs. The relation between
acquisition and the processing of digits and linguistic numbers in children is difficult to disentangle
due to their relatively simultaneous exposure to both number formats. Overall, the relationship
between language and number remains a topic of considerable debate (Carey, 2009; Gelman &
Butterworth, 2005; Spelke, 2017). Research with individuals who acquired number signs and
Arabic digits on different developmental timelines can contribute to our understanding of this
relationship.

We begin by reviewing the literature on language deprivation, the Number Stroop Task in
digits and number words/signs followed by a description of the current study. The methods, results,
and summaries of Arabic Digit and ASL tasks are presented separately, followed by brief

discussions, and followed by the general discussion.

Language deprivation: impact on language and number development

Late first language learners are congenitally deaf individuals who did not have early access
to natural sign language and/or early spoken language intervention and thus began first language
acquisition around or post puberty. These individuals do not demonstrate cognitive impairments.
They were not socially deprived, unlike cases of isolated children (Fromkin, Krashen, Curtiss,
Rigler, & Rigler, 1974; Koluchova, 1972, 1976). Some late first language learners develop
homesigns — gestural communicative systems used with their families before they begin learning
their first language later in life. However, delayed exposure to the first language has long-lasting
detrimental effect on language proficiency and language outcome in comparison to both first and
second language learners (Cheng & Mayberry, 2019, 2020; Ferjan Ramirez et al., 2016; Mayberry
& Lock, 2003). In late first language learners, years of experience do not predict language
proficiency: if language acquisition has started late, native-like proficiency is not achieved even
after considerable exposure to language, suggesting an effect of a sensitive period. It has been
shown that initially the language acquisition progress of late first language learners follows the
same milestones as children learning language with respect to the acquisition of vocabulary and
word combinations (Berk & Lillo-Martin, 2012; Ferjan Ramirez, Lieberman, & Mayberry, 2013).

Late learners are able to successfully master some mono-clausal, but not more syntactically
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complex syntactic structures (Boudreault & Mayberry, 2006; Cheng & Mayberry, 2019; Fromkin
et al., 1974; Mayberry, Cheng, Hatrak, & Ilkbasaran, 2017.; Mayberry, Davenport, Roth, &
Halgren, 2018; Newport, 1990). However, there have not been systematic studies of the effect of
severe language deprivation on number reasoning.

Being immersed in a numerate society, late first language learners often learn Arabic digits
earlier than they acquire language and conventional number signs. Work with deaf Nicaraguans
(Flaherty & Senghas, 2011) showed that one of the participants who lacked early access to
language was able to produce and interpret large numbers written with Arabic digits, but was not
able to recite a counting list in Nicaraguan Sign Language. While performing well on matching
tasks with stimuli physically present (i.e., when the participants had to match the number of items
that the experimenter physically presented to them in real time), this participant did not perform
well on an ephemeral matching task (when the items that the participants had to match were no
longer physically present after they were presented). Thus, Flaherty and Senghas (2011) concluded
that knowledge of Arabic digits alone is insufficient for successful mental tracking of quantities.
At the same time, by testing a diverse group of subjects with various backgrounds, they also
showed that when a language is finally available, the counting sequence can be learned in
adulthood. However, the effects of severe language deprivation on number processing is unknown.
Number Stroop Test: Arabic Digits and number signs.

Automatic magnitude processing is a basic skill that implies understanding of magnitude
and is necessary for skilled calculation. It has been extensively studied with the Number Stroop
Test Paradigm (Algom, Dekel, & Pansky, 1996; Besner & Coltheart, 1979; Bull et al., 2006;
Gebuis, Cohen Kadosh, De Haan, & Henik, 2009; Henik & Tzelgov, 1982; Kaufmann et al., 2008;
Liu, Wang, Corbly, Zhang, & Joseph, 2006; Pansky & Algom, 2002; Razpurker-Apfeld & Koriat,
2006; Schwarz & Heinze, 1998). During the test, participants compare pairs of stimuli that differ
both in physical size and magnitude and are instructed to choose the stimulus that is “bigger”, but

the task focuses only on one aspect of the stimuli (size or magnitude). The stimuli vary in congruity
(as illustrated by Fig. 1): in congruent trials, size and number information align (3 5). In
incongruent trials, size information contradicts the numerical dimension (3 5), and in neutral trials
the digits differ only in a relevant dimension (3 5, 3 3). Reaction time (RT) across studies shows a

facilitation effect (RT in congruent trials is faster than in neutral trials), as well as interference

effects (RT in incongruent trials is slower than neutral). While interference is present in both
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numerical and size comparisons, facilitation may be absent in size comparison, since neutral
stimuli may be particularly easy to process, with less chances to further speed up the processing in
congruent trials (Girelli, Lucangeli, & Butterworth, 2000; Henik & Tzelgov, 1982)

[INSERT FIGURE 1 HERE]

This size congruity effect, or Number Stroop Effect, has been interpreted as evidence in
favor of automatic parallel processing of both magnitude and size information: irrelevant
information was accessed even in the trials where it was not beneficial. The Number Stroop effect
emerges in children after the start of schooling (Girelli et al., 2000; Rubinsten, Henik, Berger, &
Shahar-Shalev, 2002; White, Szucs, & Soltész, 2012) and has been studied to assess automatic
magnitude processing in children with varying degrees of mathematical achievement (Heine et al.,
2010) or mathematical disabilities (Ashkenazi, Rubinsten, & Henik, 2009; Rousselle & No¢l,
2007; Rubinsten & Henik, 2005). To date, automatic magnitude processing has not yet been
studied in adults who learned their first language late in life.

Importantly, magnitudes can be expressed symbolically not only through conventional
mathematic symbols as described above, but also linguistically through numerals. Studies with
Arabic digits unambiguously suggest automaticity of unintentional number processing, but when
numbers are represented linguistically, the results show great variability. The presence of the
Number Stroop Effect when participants are reading number words appears to be specific to a
language, or even a particular writing system. In Japanese, it has been found only in ideographic
Kanji script, but not the syllabic Kana script (Takahashi & Green, 1983). In Hebrew, Number
Stroop Effect with the gematric numerals, which are letters of the alphabet that stand for numbers,
was similar to the one with Arabic digits (Razpurker-Apfeld & Koriat, 2006), but the effect with
Hebrew number words was not (Cohen Kadosh, Henik, & Rubinsten, 2008). While the first
linguistic Number Stroop Effect study did not find the effect in English (Besner & Coltheart,
1979), later Vaid (1985) found such an effect, and hypothesized that size congruity in number
words may be language-specific, such that its processing depends upon the particular orthographic
strategy of the language. The higher the phonological transparency of the writing system, the less
pronounced the effect would be, so the Stroop effect would primarily be expected in ideographic
notations. Similar to English, experiments with ASL have also yielded conflicting results: while
one study has found it (Vaid & Corina, 1989), no effect was reported in a later study (Bull et al.,
20006).
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Given the conflicting results of linguistic automatic magnitude processing research,
including Number Stroop studies, it has been suggested that the format may fundamentally affect
numerical processing (Cohen Kadosh, Cohen Kadosh, Kaas, Henik, & Goebel, 2007; Cohen
Kadosh & Walsh, 2009), as opposed to the commonly accepted proposal that there is an abstract,
format-independent processing of number (Dehaene, Dehaene-Lambertz, & Cohen, 1998). Indeed,
numerical notation systems (such as Arabic digits) and number signs/words may represent the
same magnitudes, but their use is often governed by different constraints (Chrisomalis, 2019,
2020). Their use in different contexts can also influence processing and retrieval efficiency: for
example, doing math problems with written numerals poses more difficulties compared with doing
them with digits (Campbell & Alberts, 2009; Campbell & Epp, 2004; Campbell & Fugelsang,
2001), but the skill improves with practice (Metcalfe & Campbell, 2007).

The current study

The conflicting results of two previous ASL Number Stroop effect studies may be related
to methodological differences: the experiments had different modes of presentation and stimuli.
Vaid & Corina (1989) who found Number Stroop Effect in ASL, presented stimuli sequentially
and only used the non-iconic number signs SIX — NINE that are only transparent to those who know

the language (the number system of ASL is illustrated in Fig.2).

[INSERT FIGURE 2 HERE]

Bull et al. (2006), on the other hand, presented stimuli simultaneously and used only the
number signs ONE — FIVE, which make use of number-to-number iconicity (Taub, 2001) and
therefore were transparent and intelligible to the hearing controls as well, but neither group showed
evidence of a Number Stroop effect.

Besides the difference between congruent and incongruent trials, Vaid and Corina also
analyzed visual field asymmetries (right vs left). They have found a greater Stroop effect in the
right visual field for ASL signs and English number words, while the left visual Stroop interference
was higher for the digits, which they interpreted as an argument in favor of format-specific number
representation. Bull and colleagues approached the possible impact of right/left spatial positioning
of the stimuli by analyzing spatial-numerical association of response codes, or the SNARC effect.

It is an association of the right side with larger magnitudes and of the left side with smaller ones
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that is attested in cultures where reading and writing proceeds from left to right (Dehaene, Bossini,
& Giraux, 1993), but reversed SNARC effect has been found in cultures reading from right to left
(Shaki & Fischer, 2008; Shaki, Fischer, Petrusic, & Shaki, 2009). The presence of the SNARC
effect is often interpreted as evidence that numbers (represented by digits or lexemes) may be
mapped onto mental number line. However, Bull and colleagues observed some expected trends
towards SNACR in numerical judgments, but the effect was not significant in any condition
(number or size) or notation (ASL signs or digits).

Additionally, Vaid and Corina discussed language acquisition setting of their participants
who learned ASL either early as a first language (deaf people from deaf families, hearing people
from deaf families) or later in life as a second language (hearing people from hearing families).
Bull et al., on the other hand, did not report the language acquisition background of their
participants. Thus, it is possible that the two experiments have detected two different processes in
two different groups of people.

Importantly, neither of these two Number Stroop Effect studies reported in their analysis
the use of control stimuli, that is, neutral pairs of numbers (such as 3 5 for the number condition,
or 3 3 for the size condition), which makes it difficult to evaluate facilitation effects (as opposed
to interference effects). To assure that experimental stimuli fully represent the numeral system of
ASL, with both iconic (transparent to those who do not know ASL) and non-iconic (non-
transparent to those who do not know ASL) number signs, we included all numbers from TWO to
NINE, with the number ONE excluded following the original experiment by Henik & Tzelgov (1982)
due to its frequency.

To control for age and setting of language acquisition, we compared three groups of
participants: first language learners of ASL who acquired language from birth, late first language
learners of ASL who first acquired language after the age of 9, and hearing adults acquiring ASL
as a second language in a college setting. Doing so allowed us to untangle the effects of age of
exposure versus language deprivation: second language and late language learners both began
learning ASL late in life, but their prior language experience differed dramatically.

We conducted Number Stroop experiment with two tasks (Arabic digits and ASL number
signs) to investigate three questions: whether ASL number signs elicit the Number Stroop Effect,
whether this effect is influenced by age of acquisition and/or years of exposure, and whether the

effect of age of acquisition is similar for both number formats. In addition, while not the focus of
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the study, we performed exploratory analyses of possible stimuli effects: the iconicity and
frequency of the lexical numerals, and the spatial-numerical congruity of stimuli (the SNARC
effect).

Number signs ONE — FIVE are more iconic and more transparent than the signs SIX — NINE.
Although it has been shown that iconicity does not facilitate lexical sign processing in native deaf
signers (Bosworth & Emmorey, 2010), it may help beginners, or inhibit the processing of
experienced second language learners (Baus, Carreiras, & Emmorey, 2013). Moreover, the cross-
linguistic frequency of the first five numbers exceeds the frequency of the subsequent ones
(Dehaene & Mehler, 1992), and the frequency of lexemes may influence their recognition and
processing (Brysbaert, Mandera, & Keuleers, 2017). Spatial positioning of the larger number in a
stimulus may also have an effect: the participants of our experiments belong to cultures that write
numbers from left to right, where the SNARC effect is expected. Considering the results by Vaid
and Corina (1989), it is possible that the SNARC effect can also be format-specific, similarly to
the Number Stroop Effect. It is possible, however, that spatial-numerical associations are not
strongly activated in a Stroop paradigm, similarly to the results by Bull et al. (2006).

Table la lists the possible outcomes of the Arabic Digit task and their potential
explanations, and Table 1b lists possible outcomes of the ASL task.

[INSERT TABLE 1 HERE]

Methods

Participants

29 adult users of American Sign Language were recruited. 11 were hearing second
language learners of American Sign Language (all women, mean age (SD): 21.5 (1.08), mean AoA
(SD) 15.2 (4.8), mean duration of exposure (SD) 6.1 (5.15)), who acquired ASL in an educational
setting (college, university, or high school).

10 participants were late first language learners of ASL (6 women, 4 men, mean age (SD):
33.1 (12.9), mean AoA (SD): 19.6 (6.12), mean duration of exposure (SD) 13.4 (14.45). These
individuals were born deaf and did not have accessible language input during childhood. Due to
various circumstances, these individuals did not have access to natural sign language or spoken

language but were not socially deprived. Currently, they are using ASL daily. Two more
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participants in this group were excluded from the analysis: one did not satisfy the background
inclusion criteria (they were exposed to another sign language prior to ASL!), and one
demonstrated unusually slow reaction times, which suggested that the participant did not perform
the task automatically.

8 participants were deaf early signers of ASL (5 women, 3 men, mean age (SD): 39.7
(13.29)); 7 were exposed to ASL from birth, learning it from their deaf parents, and one participant
from a hearing family was exposed to ASL from 1 month of age through an early intervention
program. Participants who were not UCSD students received financial compensation for their time,
while the students participated in the experiment for class credit (the experimenters were not
involved in teaching any of the classes that the extra credit was used for). Participants signed the

Informed Consent that was approved by the UCSD Institution Review Board.

Materials
Structure

Each participant performed a computer-based task in two conditions: size comparison (the
relevant dimension was physical size) and number comparison (the relevant dimension was
number). There were two blocks in each condition: Arabic digits followed by ASL number signs.
The order of the size and number conditions was counterbalanced across participants. Within both
conditions, stimuli were fully randomized. The experiment was created and performed using the
OpenSesame experiment builder (Mathdt, Schreij, & Theeuwes, 2012).

Each block contained 12 congruent, 12 neutral, and 12 incongruent stimuli, repeated three
times with 108 trials per block (ASL or digits) for a total of 216 trials per condition. The structure
of each trial was as follows: a white fixation dot appeared in the middle of the black screen for 450
ms, followed by the stimulus (digit/sign array). The stimulus remained on the screen until the
participant pressed the key (right or left). Before each block, the participant received instructions
in ASL from the experimenter along with explanations from an individual familiar to the
participants if needed (in case of late first language learners, a native signer of ASL) and in written
English on the screen. In the Arabic digit task, for the number condition, the instructions stated “In
this condition, you need to choose a digit that is numerically bigger. To choose the variant on the

left, press Z. To choose the variant on the right, press M”; for size “In this condition, you need to

! The background criteria for late first language learners included being born deaf, not being exposed to sign/spoken
language prior to the age of 10, and not being socially deprived.

10
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choose a digit that is physically bigger. To choose the variant on the left, press Z. To choose the
variant on the right, press M”. In the ASL condition, “digit” was replaced by “handshape”.

Instructions were followed by three examples (congruent, neutral, incongruent):
participants saw each example stimulus for 700 ms, after which the correct answer was indicated
with green arrows. After the example trials, the participants performed 6 practice trials followed
by feedback, and then began the experiment. Based on the pilot results, to avoid boredom that may
lead to inadequate effort on cognitive tasks completed exclusively for credit (DeRight &
Jorgensen, 2015) and increase motivation, each block was followed by feedback as well: the
percentage correct and mean reaction time (RT). The participants were encouraged to respond as
fast as possible.

Stimuli

The Arabic digits 2 — 9 and the ASL signs TWO — NINE were used as stimuli. Each
digit/number sign was paired with itself for a neutral comparison in physical size, or with a
different number that was always numerically smaller or bigger by two (for example, 5 was paired
with 3 or 7). The signs/digits differed in physical size and numerical magnitude. The bigger item
size was 3.2”’°, the smaller item size was 2.9”’°. Digit stimuli were created using standard font
Calibri (Body). The white stimuli were presented on a black background based on the suggestions
from the pilot subjects. The ASL handshape illustrations were created from photographs of a native
signer signing numbers. Examples of the stimuli for each block are shown in Figures 3 and 4. To
avoid right/left hand biases, each digit/number sign appeared on each side of the screen an equal
number of times.

[INSERT FIGURE 3 HERE]

[INSERT FIGURE 4 HERE]

Results
Age.

Given the small size and heterogeneity of the groups of participants in terms of age, we
first explored whether age influenced the overall reaction time (RT) independently of the Stroop
interference and language acquisition circumstances, since several studies have suggested that the

Color Stroop Effect changes with chronological age, namely participants who are older generally

11
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respond more slowly (Bugg, DeLosh, Davalos, & Davis, 2007; West & Baylis, 1998), although
other studies contest this effect (Verhaeghen & De Meersman, 1998).

For each numerical format (digits and ASL), we built linear regression models (using /m
function in R (R CORE TEAM, 2016)) with mean reaction time for each participant as a dependent
variable and age of participant as a predictor variable. The effect of age was not significant neither
for Arabic digits (f= 8.495, CI= -0.66 — 17.66, SE = 4.464, t (29) = 1.9, p = 0.07) nor for ASL
number signs (f=4.61, CI= -5.97-15.19, SE = 5.517, t (29) = 0.894, p = 0.379).

Number Stroop Effect: data processing.

The experimental within-subject factors were size comparison (physical vs. semantic),
notation, i.e., format (Arabic Digits vs ASL number signs), congruity (congruent, incongruent,
neutral), condition (number and size). The between-subject factors were block order (size or
number first) and Age of acquisition (AoA). All the variables were categorical (for this analysis,
AoA included three groups — early first language learners, late first language learners, second
language learners).

Data analyses for response time were conducted for correct response trials only. The
outliers for each subject were removed using an interquartile rule 1.5 x (IQR). Some previous
Number Stroop Effect studies have used a cutoff method and included only the trials with reaction
times under a specified threshold (for example, 150 - 2000 msec) in the analysis (Cohen Kadosh,
Gevers, & Notebaert, 2011; Szucs & Soltész, 2007). However, we did not use a cut-off method
here because, in relatively small sample sizes with large variation, as in the present study, a general
threshold may affect the power and introduce asymmetric biases (Whelan, 2008). There was a high
degree of individual variation within our sample, especially for the late first language learners. In
the following sections, the results for each task are presented separately, first for the Arabic Digit
task, then for the ASL number sign task.

Task 1: Arabic Digits.
Accuracy.

Overall accuracy was high for all groups, with the late first language learners showing
somewhat lower accuracy, that was still above chance (Early language learners: 0.96 (SD 0.03),
Second language learners: 0.95 (SD 0.02), Late first language learners: 0.88 (SD 0.11). To further

explore this difference between groups, we used a linear mixed-effect regression model that

12
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included accuracy as a dependent variable and condition (size vs number), congruity (congruent,
neutral, and incongruent), and Age of Acquisition and all their interactions as predictor variables,
and a random intercept for participants. No main effect was significant, but the interaction between
congruity and age of acquisition was significant: late first language learners were significantly less
accurate on incongruent trials (f=-0.20, C/ =-0.34 —-0.05, SE = 0.07, t (174)=-2.4, p=0.007).
Their group performance on incongruent trials was still above chance (mean LL1 accuracy in
number condition on incongruent trials 0.72, SD = 0.023, binomial probability test: CI = 0.627 —
0.804, p <0.001; mean accuracy in size condition 0.89, SD = 0.23, binomial probability test: CI =
0.802 — 0.934, p < 0.001). Two participants that completed size condition first, performed with
high accuracy in size condition but below chance in number condition, and one participant who
completed the number condition first, showed high accuracy in number condition and below
chance accuracy in size. Mean reaction time with accuracy scores for each group for each congruity
level in the Number Strop task in Arabic digits are presented in Table 2.
Reaction Time

The deaf early first language learners and hearing ASL L2 learners showed comparable
performance in terms of speed. By contrast, the mean RT for the late first language learners was

slower (Table 2).

[INSERT TABLE 2 HERE]

To estimate congruity effects in both conditions (size/number), we performed a mixed-
effects regression model in R, using the package /me4 (Bates et al., 2016). The predictor variables
were the within-participants factors of congruity (congruent, neutral, incongruent) and condition
(size, number), and the between-participants factor was Age of Acquisition (early first language
learners, late first language learners, hearing second language learners). The interactions of
congruity and condition with AoA were included in the model. We included random intercepts for
block order, number or size first, and participants (nested) and stimuli (every stimulus was seen
by each participant three times). The model was tested for multicollinearity (for all effects VIF <
3.5). Confidence intervals were verified through the confint () function with a bootstrapping
resampling technique, based on 1000 bootstrapping replicates. All the significant effects were

confirmed, so we report the CI obtained through bootstrapping.
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We first fit the model that included Condition, Congruity, and AoA with no interactions as
predictors, followed by a model that included interactions of AoA with condition and AoA with
congruity. We compared these two models based on the results of previous studies. In adults,
congruity effects with Arabic digits have been shown reliably across populations. At the same
time, in children, the emergence and nature of the congruity effect changes with the amount of
number exposure (Girelli et al., 2000; Heine et al., 2010b; Rubinsten et al., 2002). Difference in
RT between size and number conditions may also change with the amount of exposure, and
therefore age and setting of language exposure might influence both the congruity and condition
effects differently across groups. Since the Akaike Information Criterion (estimator of out-of-
sample prediction error) was lower for the second model including interactions (76805 and 76792),
the analysis was performed using this model. The graph representing reaction time for the Arabic
digit task is shown in Figure 5. The results of the model are presented in Table 3.

The main effect of congruity was significant for both facilitation (congruent being faster
than neutral, f=-31.98, CI=-58.7— -7.95, SE=13.04, t (5728) =-2.45, p=0.014) and interference
(incongruent being slower than neutral, 5=49.94, CI = 23.73 — 75.34, SE=13.15, t (5728) = 3.79,
p <0.001)). The main effect of comparison condition was also significant, with size judgments
being faster than number judgments (= -158.63, CI =-176.34 — -139.53, SE=9.28, ¢t (5728) = -
17.094, p <0.001).

[INSERT FIGURE 5 HERE]

[INSERT TABLE 3 HERE]

Differences in the Stroop Effect between groups

While the reaction time of the deaf early first language learners (L1) and hearing second
language ASL learners (L2) groups did not significantly differ, the late first language learner group
(LL1) demonstrated significantly slower reaction time (8= 306.88, CI = 126.42 — 469.98, SE=
85.00, ¢ (5728) = 3.610, p <0.001). Moreover, the interaction between condition and age of
acquisition (AoA) was also significant: the mean difference in RT between size and number
judgments for the late first language learner group was significantly larger than it was for the early
first language learners (5= -55.63, CI =-81.72 —30.19, SE= 12.939, t (5728) =-4.299, p <0.001).

Size of interference effect
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Number Stroop Effect in terms of interference was found in all groups. To determine if the
size of such interference varies as a function of Age of acquisition, we performed an additional
linear mixed effect regression model with the mean difference between RT for neutral and
incongruent stimuli for each participant as the dependent variable. The predictor variables were
age of acquisition (L1, L2, LL1), condition (size and number) and their interactions. The main
effect of age of acquisition was significant with late first language learners showing a larger
difference between neutral and incongruent trials than the early first language learners (5= -238.58,

CI=-421.66 —-55.49, SE=91.238, ¢ (158) =-2.615, p = 0.012). No other effect was significant.

Random effects

Stimuli: SNARC effect and perceptual similarity

Since the effect of stimuli was significant (CI obtained by bootstrapping 11.119 —26.631),
we performed additional analyses to evaluate if the difference in RT was caused by the structure
of the stimuli that elicited the Spatial-Numerical Association of Response Codes, or the SNARC
effect (Dehaene et al., 1993). In cultures that write numbers from left to right, people tend to react
faster to larger numbers that require rightward response, and to smaller numbers that require
leftward response (Fias, 2001; G. Wood, Willmes, Nuerk, & Fischer, 2008). Several studies
suggest that the SNARC effect depends both on left to right (or right to left) reading habits (Shaki
& Fischer, 2008; Shaki et al., 2009) and immediate spatial experiences (Fischer, Shaki, & Cruise,
2009). While the SNARC effect is usually assessed through number parity judgments without size
incongruities involved, there was a possibility that it can influence the processing times for
particular stimuli.

Traditionally, stimuli for SNARC effect only have one dimension of congruity: 3 5 can be
an example of the congruent stimuli where the right number is smaller in both dimensions.
However, in a Stroop-like tasks the stimuli varied in congruity in two dimensions. Thus, a stimulus
7 5 is incongruent numerically, but congruent spatially (right number being bigger in size).

For the purpose of the subsequent analysis, we defined the stimuli as numerically SNARC-
congruent if the right number was numerically bigger than the left one (5 7); size SNARC-
congruent if the right number was physically larger (7 5), and overall SNARC-congruent if
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numerical and size information aligned in terms of the SNARC effect (for example, in 3 5 the right
number is bigger in both size and number, and in 7 5 the right number is smaller in both
dimensions). The stimuli that only had one dimension of comparison (e.g., 5 5) were excluded
from the analysis.

Using /m function in R (R CORE TEAM, 2016), we built a linear regression model with
reaction time for each stimulus as a dependent variable. Numerical SNARC congruity, size
SNARC congruity, group (early first language learners, late first language learners, or hearing
second language learners of ASL), and their interactions were used as predictor variables. The
main effect of size SNARC congruity was significant with size SNARC-incongruent stimuli
being processed more slowly (= 173.46, CI =30.87 —316.04, SE= 72.08, t (144)=2.40, p =
0.017). The main effect of group was also significant: the late learners of ASL were significantly
slower than other groups (5= 308.69, CI = 154.69 — 462.70, SE= 77.86, t (144) =3.96, p <
0.001). The interaction between two types of SNARC effect (or, as we define it, overall SNARC
effect) was significant: stimuli where size and number congruity/incongruity aligned were
processed faster than stimuli that are incongruent/incongruent in one dimension (= -241.99, CI
=-442.58 —-41.41, SE=101.40, t (144) = - 2.38, p = 0.018). The overall SNARC effect is
illustrated by Figure 6.

[INSERT FIGURE 6 HERE]

Additionally, the stimuli including the digits 6 and 8 as SNARC-congruent were processed
40 ms slower than the baseline. It has been suggested in previous literature that processing speed
for larger and smaller numbers might differ due to the magnitude or frequency effects (Girelli et
al., 2000; Tzelgov, Meyer, & Henik, 1992). Using the linear regression model, we analyzed
whether mean reaction times for the stimulus depended on magnitude (small (1-5), large (6 — 9) or
mixed (stimuli containing both), but the effect of magnitude was not significant: stimuli with
neither small (f= -59.67, CI = -157.30 — 37.96, SE= 49.38, t (144) = -1.208, p = 0.229) nor large
magnitudes (f= -21.07, CI = -118.69 — 76.56, SE= 49.38, ¢ (144) = -0.427, p = 0.67) were
processed differently from the mixed magnitudes stimuli. However, it has been previously shown
that perceptual similarity between digits can significantly influence the speed of their
discrimination, and 8 differs from 6 with only one line compositional element (Cohen, 2009), and

this might explain the difficulty of distinguishing 6 and 8 specifically.
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Individual differences: delayed first language acquisition and language experience

The nested random effect of order/participant was significant (CI obtained by
bootstrapping 134.43 — 232.77). Since participants in the late first language acquisition group
varied greatly in their age of acquisition and years of exposure, we analyzed the potential impact
of these factors on the reaction times. We built a linear regression model (using /m function in R
(R CORE TEAM, 2016)) with mean reaction time for each participant as a dependent variable.
The predictor variables were the exact age of first language acquisition (AoA), number of years of
exposure (YoE) and their interaction. For this analysis, AoA and YoE were continuous variables.
Only the main effect of years of exposure was significant (f= 64.96, CI = 5.70 — 124.22, SE=
24.21, ¢t (10) =268, p = 0.036): the more years of experience the late learners had, the slower they

were. This somewhat surprising effect is addressed in more detail in the Discussion.

Summary of the Task 1 results

Overall, the results showed the expected size congruity Number Stroop effect: both
interference and facilitation were shown for the number judgment task, and interference only for
size judgment, in line with previous studies (Girelli et al., 2000; Henik & Tzelgov, 1982). The
Condition effect (size, number) was significant as well. However, the effects differed depending
upon the group. Deaf and hearing participants who learned a first language early in life performed
identically. In contrast to the deaf early signers, deaf participants who experienced highly delayed
exposure to language showed slower RT, larger RT differences between number and size
judgments, and greater interference effect (i.e. RT difference between congruent and neutral trials
and reduced accuracy on incongruent trials). With more years of language experience, late first
language learners did not become faster, but instead demonstrated the tendency towards slower
reaction times. Exact age of first language acquisition did not correlate with the processing speed.

Additionally, all groups demonstrated a size-SNARC congruity effect and the overall
SNARC effect (for stimuli where numerical and size information aligned in terms of congruity).
Unlike with the Stroop, there were no differences between groups in the SNARC effects. Other

characteristics of stimuli (frequency and magnitude size) did not significantly affect reaction times.

17



[a—y

O 0 9 N »n B~ W DN

W W NN N N N N N N N N e e e e e e e e
—_— O O o0 9 N R WD O O 0NN DY RN = O

Together the results of Task 1 suggest that early language deprivation affected automatic
magnitude processing, but magnitude processing was still achieved despite impoverished early

input (i.e., only digits, but no language).

Task 2: ASL number signs

Accuracy.

Overall accuracy was high for all groups, with the late first language learners showing
somewhat lower accuracy (ASL: L1 0.96, L2 0.96, LL1 0.92). We fit a linear mixed-effect
regression model that included accuracy as a dependent variable and condition (size vs number),
congruity (congruent, neutral, and incongruent), and age of acquisition with all their interactions
as predictor variables, and a random intercept for participant. No main effect was significant, but
the interaction between congruity and age of acquisition was significant. Late first language
learners were significantly less accurate on incongruent trials (= -0.17, CI =-0.30 — -0.03, SE=
0.068, t (174) =-2.4, p=0.015), but as a group still above chance (mean LL1 accuracy in number
condition on incongruent trials 0.78, SD = 0.39, binomial probability test: CI = 0.687 — 0.852, p
< 0.001; mean accuracy in size condition 0.92, SD = (.15, binomial probability test: C/ = 0.847 —
0.961, p < 0.001). Two participants that completed size condition first, performed with high
accuracy in size condition but below chance in number condition, and one participant who
completed the number condition first, showed high accuracy in number condition and below
chance accuracy in size. These participants exhibited the same pattern in Arabic digit task. Mean
reaction times and accuracy scores for the ASL number signs are shown in Table 4.

Reaction time

RT differed greatly between groups and conditions, although size judgements were made
at comparable speed by deaf early first language learners and hearing second language learners.

[INSERT TABLE 4 HERE]

Following the same rationale described above for Task 1, we first fit the model that
included Condition, Congruity, and AoA with no interactions as predictors, followed by a model
that included interactions of AoA with condition and AoA with congruity (both models included
random intercepts for stimuli and participant/block order (nested). Since Akaike Information

Criterion for the model with interactions was smaller (75000 and 74729), it was used for the

18



O 0 9 N N B~ W N

[\ T NG R NG T NG T NG T N e S g o N ==
hn B~ W DD =) © OV 0 N O W B W NN —= O

N
~N O

W W NN
—_ O O o©

subsequent analysis. Multicollinearity was checked through VIF (all VIF < 2.5). The ASL RT is
shown on Figure 7, and the full results of the model are shown in the Table 5.

[INSERT FIGURE 7 HERE]

[INSERT TABLE 5 HERE]

In contrast to the Arabic Digit task, the main effect of congruity was not significant when
magnitudes were represented by ASL signs. However, there was an interaction effect of congruity
with age of acquisition: in the late first language group, the neutral stimuli were processed
significantly more slowly than the congruent stimuli (f= -40.26, CI =-78.68 —-2.58, SE= 19.94,
t(5379) =-2.019, p = 0.04). Differences in congruity were not significant for any other group.

However, the main effect of condition (size, number) was significant: size judgments were
faster than number (5= -385.584, CI =-410.99 —-361.42, SE= 12.448, ¢ (5379) =-30.976, p =<
0.001). The main effect of age of acquisition group was significant as well: both the hearing second
language learners and deaf late first language learners significantly differed from the early deaf
first language learner group (L2: f=221.80, CI = 33.48 — 425.65, SE= 94.06, ¢ (5379) = 2.358,
p=0.018, LL1: f=302.93, CI = 118.53 — 494.29, SE= 94.00, ¢ (5379) = 3.223, p = 0.001). In
the size condition, mean reaction times of the hearing second language learner group were very
close to those of the early first language group, but in the number condition the hearing second
language learners performed as slowly as the late learners.

The significant interaction between condition and age of acquisition indicated that all three
groups showed contrasting RT patterns as a function of size and number. The largest difference in
performance between the number and size conditions was shown by the hearing second language
learners (5= -190.91, CI = -226.04 — -160.40, SE= 16.732, ¢ (5379) = -11.410, p =< 0.001). By
contrast, the smallest difference in performance between the number and size conditions was
shown by the late first language learners, due to their slowed performance in the size condition

(f=84.03, CI= 49.44 — 115.34, SE=16.586, ¢ (5379) = 5.067, p =< 0.001).

Random effects

Stimuli: ASL SNARC effect and iconicity

Since the random effect of stimuli was significant (CI from bootstrapping 40.454 — 67.663),

we performed an additional analysis identical to the one described in Task 1 to detect a possible
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SNARC effect and its interaction with language acquisition group. However, none of the SNARC
effects (number, size or overall) was significant (size SNARC: = 92.51, CI =-165.76 — 350.77,
SE=130.56, ¢ (144) = 0.709, p = 0.047, number SNARC f= 142.28, CI =-120.09 — 404.66, SE=
132.64, ¢t (144) = 1.073, p = 0.285), and the only significant result was that late learners
demonstrated slower reaction times (= 355.89, CI=76.93 — 634.86, SE=141.03, ¢ (144) =2.524,
p =0.013). None of the interactions were significant. Another potential source of variation can be
the transparency of the stimulus, or whether it abides to number-to-number iconicity.

The combinations of number signs in our stimulus set can be divided in 3 groups: only
iconic transparent numerals (THREE FIVE, TWO FOUR, FIVE THREE, FOUR TWO), a mix of transparent
and non-transparent (FOUR SIX, FIVE SEVEN, SIX FOUR, SEVEN FIVE), and non-transparent (SIX EIGHT,
SEVEN NINE, EIGHT SIX, NINE SEVEN). To evaluate the effect of this transparency, we used the anova
function of R to compare two linear regression models. One included mean reaction time for the
particular stimulus as a dependent variable and Stroop congruity, Age of acquisition group, and
condition as predictor variables, the other model also included transparency of the stimulus
(transparent, non-transparent, or mixed); the model that included transparency had better R? / R?
adjusted. Table 6 presents the results of the models. Alongside the main effects of group and
condition, the main effect of number transparency was significant: the stimuli with transparent
(iconic) number signs TWO to FIVE were processed faster than the mixed stimuli that included a
combination of transparent and non-transparent number signs, but the stimuli with non-transparent
signs SIX to NINE did not differ from the mixed stimuli. However, there is a possibility that the
effect was produced not by transparency, but by higher crosslinguistic frequency of the first five
numbers (Dehaene & Mehler, 1992): the non-transparent number signs in ASL all designate higher
magnitudes that are less frequent.

[INSERT TABLE 6 HERE]
Individual differences: delayed first language acquisition and language experience

Since the random effect of participant was significant (CI obtained by bootstrapping
149.482 — 255.979), we performed additional analyses to compare the influence of age of ASL
acquisition and Years of Exposure on number sign processing in deaf late learners and hearing
second language learners of ASL. The linear regression model included reaction time as a
dependent variable and exact age of acquisition, exact years of exposure (both were continuous

variables), and their interactions. The only effect that was significant was years of exposure (=
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52.57, CI=4.34-100.80, SE = 22.860, t (21) =2.300, p = 0.034); participants demonstrated high
variation in reaction time patterns, but in both groups, there were several individuals with longer
exposure to ASL who performed slower than people with comparable or less exposure. This effect

will be addressed in discussion.

Summary of the Task 2 results.

We did not find the typical Number Stroop Effect in the ASL condition. Age and setting
of ASL acquisition also impacted performance: while in the size condition second language
learners performed no differently from early signers of ASL, in the number condition they were
significantly slower. Late learners, on the other hand, were slower in both conditions and, similarly
to the Arabic digit task, demonstrated decreased accuracy on incongruent trials. Hence, unlike in
the Arabic Digit task, the largest difference between size and number judgments was demonstrated
by hearing second language learners of ASL, who still performed with high accuracy.

The SNARC effect was not attested in the ASL condition as well, but another effect of
stimuli was significant: stimuli with frequent and transparent number signs TWO to FIVE were
processed faster than stimuli with less frequent non-transparent number signs and mixes of
transparent and non-transparent ones.

Some of the deaf late learners and hearing second language learners of ASL demonstrated
a tendency towards slower reaction times despite their longer experience with the language. Exact

age of first language acquisition did not correlate with the processing speed.

Discussion

In the current study, we conducted a Number Stroop experiment with two tasks (Arabic
digits and ASL number signs), with three groups of participants (deaf early learners, deaf late
learners, and hearing second language learners of ASL) to investigate three questions: whether
automatic magnitude estimation is influenced by age of acquisition and/or years of exposure,
whether the Number Stroop Effect is found in ASL number signs as well, and whether the effect
of age of acquisition is similar for both number formats.

Revisiting the possible outcomes in Table 1, in Task 1, the results showed the Number

Stroop Effect with Arabic digits was present in all groups, but there were differences in late first
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language learners, suggesting that age of acquisition might affect automatic magnitude processing,
but it can still be achieved despite incomplete early input.

The Results of Task 2 suggested that, since the Number Stroop Effect in ASL was not
found in any group, ASL number signs activate magnitudes in a different way from Arabic digits,
supporting the format-specific activation hypothesis. At the same time, both late and second
language learners differed from the early first language learners, suggesting that both years of
exposure and age of acquisition influence automatic magnitude processing with number signs.

The results of the two tasks are discussed separately, followed by the general discussion.

Magnitude Estimation and Age of Acquisition: Arabic Digits

The results showed the expected Number Stroop effect (incongruent stimuli were
processed more slowly than neutral, and congruent were faster than neutral in number condition)
and condition effect (the size comparison was faster than the number comparison) in all groups,
but age of acquisition influenced the results. Deaf and hearing participants who learned language
early in life performed identically, but late first language learners showed slower RT, a larger time
difference between number and size judgments, a larger difference between incongruent and
neutral trials, and lower accuracy on incongruent trials.

The large difference in speed between size and number judgments was previously attested
in first-graders who successfully completed various number tasks, including counting and
matching Arabic digit to the correct numerosity (Girelli et al., 2000). However, these young
children also did not show the canonical Number Stroop Effect. There was no interference in size
condition, and incongruity in number condition affected response accuracy (it was lower) but not
reaction time (it was similar to RT for neutral stimuli). These first-graders were then compared
with third- and fifth-graders who demonstrated a more adult-like pattern of Stroop Effect (Girelli
et al., 2000; Rubinsten et al., 2002). The authors interpreted the result as evidence for
developmental changes in integration of size and number information and gradual automatization
of magnitude processing which comes with experience.

In contrast, in the present study late first language learners demonstrated a robust Number
Stroop effect in the number task and experienced even greater interference (i.e. difference between
neutral and incongruent trials) than early signers of ASL and hearing second language learners.

Late first language learners also demonstrated lower accuracy on incongruent items. This result
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suggests that the difference between size and number conditions in late first language learners and
in children requires different explanations. First graders may have not yet fully achieved automatic
magnitude processing and integration of size information with numerals, as this integration
develops with experience. The fact that late first language learners demonstrated a robust Stroop
effect in number judgments suggests that both dimensions are salient for them. It is possible that
late learners might instead experience greater difficulties suppressing irrelevant information. This
effect is exacerbated by the task switch: three participants were able to complete their first
condition (size or number) with high accuracy, but when the task changed to the opposite one,
their accuracy dropped to the below chance level, despite the successfully completed practice.
The difference between young children and late first language learners is underscored by
the fact that with more years of language experience, late first language learners did not become
faster, but demonstrated a tendency towards slower reaction times. This result suggests that, while
more exposure leads to automaticity of magnitude processing (and a stronger Stroop effect),
delayed first language acquisition may affect the inhibition of irrelevant information and thus slow
down the decision and affect accuracy. However, taking into account the small sample and the
variety of life experiences of the participants, this result needs to be interpreted with caution. Exact
age of first language acquisition did not correlate with processing speed, suggesting that the effect
of language deprivation is not gradual after early childhood, but abrupt, in line with previous
research, showing the absence of correlation between exact age of acquisition and performance on
linguistic and cognitive task battery (Mayberry, Hatrak, Ilkbasaran, Cheng, & Hall, in prep).
Additionally, all groups demonstrated an overall SNARC congruity effect and a size
SNARC effect, but not a numerical SNARC. Note that canonically, the SNARC effect is studied
with number comparison or parity judgment tests, but not Stroop-like paradigms, and therefore
this result might be a byproduct of the particular methodology. For instance, one previous study
did not find significant SNARC effects in a different Stroop paradigm in both hearing and deaf
participants (Bull et al., 2006). On the other hand, another study did find the SNARC effect in deaf
individuals in a number comparison task, but with slower reaction times (Bull et al., 2005). Unlike
the Stroop effect, there were no differences between groups in the SNARC effects in our study,
with both late and early deaf signers of ASL experiencing the same effect as the hearing

participants.
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Together the results of Task 1 suggest that early language deprivation may affect automatic
magnitude processing, but that it still can be achieved despite incomplete early input. When
language is acquired on a typical timeline, deaf participants score identically to the hearing
participants, challenging the results of the studies that link a slowdown in number processing to

hearing loss itself.

Number Stroop Test in ASL: no Stroop Effect.

The typical Number Stroop Effect was not attested in the ASL task. Predictably, age and
setting of ASL acquisition impacted performance: while in the size condition the second language
learners performed with no differences compared with the early signers of ASL, in the number
condition they were significantly slower, although their accuracy was still high. This may indicate
more careful decision process related to a lack of proficiency. Late learners, on the other hand,
were slower in both conditions and were less accurate on incongruent trials in numerical
comparison. Similarly to the Arabic digit task, three participants were impacted by the task switch
and were able to complete their first condition (size or number) very accurately but dropped to
chance level, once the dimension of comparison changed. These participants understood the task
and completed practice successfully, but during the test it was hard for them to overcome
interference from irrelevant dimension enhanced by the first task.

Additionally, late learners of ASL demonstrated the slowest reaction times for neutral
stimuli in the size condition, which is an unusual pattern that has not been described in previous
studies. Previous studies (using digits) with participants with developmental dyscalculia have
reported abnormal patterns, but these effects were related to the facilitation effect patterns
(Ashkenazi, Henik, Ifergane, & Shelef, 2008), without a slow down on neutral stimuli. The
comparison in question involved pictures of the same number handshapes (for example, two FIVE
handshapes) that only differed in size; the numerical difference was not present at all. We
hypothesize that late language learners might experience difficulties because, of all comparisons
on the test, this one is the most unusual. While people do in fact see number words and Arabic
digits written with various contrasting font sizes in real life (for example, in advertising), this
doesn’t happen with sign language perception: signers’ hands do not change size, and the contrast
between photos is perhaps not as salient as with printed digits. Other groups might have adapted

to the unusual task easier than the late learners of the present experiment.
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SNARC effects were not attested in the ASL condition as well. However, previous studies
have identified numerical SNARC effect in German (DGS) and Italian (LIS) sign languages, using
parity judgment tasks (Bull et al., 2005; Chinello, de Hevia, Geraci, & Girelli, 2012; Iversen,
Nuerk, Jager, & Willmes, 2006; Iversen et al., 2004). We attribute the difference with our results
to the experimental paradigm: the Stroop paradigm is less efficient for detection of spatial
association of magnitudes. Since there are two interacting dimensions of SNARC congruity (size
and number), the canonical numerical only SNARC effect may not be assessed reliably. Indeed,
another Stroop paradigm study with ASL number signs did not report a significant SNARC effect
either (Bull et al., 2006). Alternatively, the explanation might relate to the structure of the numeral
system: LIS and DGS have two-handed numeral systems, and in these languages the compositional
structure of two-handed numerals has a sub-base of 5, which influenced parity judgments. In two-
handed number signs, the non-dominant hand has the same handshape (FIVE), while handshape on
the dominant hand changes, and there is a direction of sign perception than can be compared to the
direction of reading. ASL number signs are one-handed.

Another effect of the stimuli was significant: stimuli with frequent and transparent number
signs TWO to FIVE were processed faster than stimuli with the less frequent non-transparent number
signs and mixes of transparent and non-transparent ones. The difference in RT can be attributed
either to iconicity or to the frequency of the first five numbers, since their frequency
crosslinguistically exceeds the frequency of the subsequent ones (Dehaene & Mehler, 1992). There
are two arguments in favor of the frequency hypothesis. The frequency ratings from the ASL-Lex
database (Sehyr, Caselli, Cohen-Goldberg, & Emmorey, 2021) confirm that for ASL, this
relationship also holds. Moreover, a similar effect (with faster reaction times for smaller numbers)
was found in Italian Sign Language, which has a fully iconic and transparent two-handed numeral
system (Chinello et al., 2012). This is another argument in favor of frequency but not iconicity
being a facilitating factor. Finally, if iconicity alone was in play, then mixed stimuli would also be
processed faster, since all non-transparent number signs refer to larger magnitudes than transparent
iconic ones, and there would be no need to even interpret them to answer the question of which is
larger, and yet it does not facilitate the decision.

Finally, we examined whether the exact age of ASL acquisition and exact number of years
of experience influenced the processing of ASL numbers in late and second language learners.

Exact age of ASL acquisition for late learners did not correlate with the processing speed,
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suggesting the existence of the critical period. Beyond early childhood, the exact age of language
acquisition does not have a significant effect, in line with the result previously shown by Mayberry
et al. (in prep). Success of second language learning may not depend on age of acquisition as well.
We found a significant effect of years of exposure, but, similar to the digit condition, it is the
opposite of what one might expect: some of the late learners and second language learners of ASL
demonstrated a tendency towards slower reaction times despite their greater experience with the
language. An explanation might be related to the life experience of participants: both second
language learners who were currently acquiring ASL in a classroom setting and the late learners
who were immersed in the Deaf community and were taking ASL or English classes more recently,
might have more fresh experience with timed tasks and therefore perform faster than participants
that had this experience longer ago. However, the small sample and the variety of life experiences
of the participants are serious limitations to this generalization.

Overall, the results of Task 2 show that magnitude activation by ASL number signs and
Arabic digits differs. Similar results have been obtained for spoken languages with non-
ideographic writing systems, such as Hebrew, Hindi, and Japanese when written with syllabic
script (Besner & Coltheart, 1979; Cohen Kadosh et al., 2008; Cohen Kadosh & Walsh, 2009;
Takahashi & Green, 1983; Vaid, 1985). The significant difference between the language
background groups suggests that both years of exposure and age of acquisition influence automatic
magnitude processing with number signs. There was no gradual effect of age of acquisition in late
first language learners: if the language was learned post childhood, the outcomes were similar.
However, overall high accuracy demonstrated by both second and late ASL learners shows that
ASL numbers were successfully acquired by both groups, but late first language learners
experience more difficulty suppressing the interference of irrelevant information, similarly to the

results of Task 1.

General discussion

Together the results of the two tasks suggest that magnitude information is accessed
differently depending on the format (number signs or digits). The results further show that late
first language learners can acquire and use both formats. However, their ability to do so is affected
by language deprivation in both formats. While some specific patterns of late first language

learners’ performance appear to be format-specific (a large difference between size and number in
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the digit task, with the longest reaction times for the neutral stimuli in the size condition in ASL
task), this group performed slower in both formats and was more affected by the interference of
irrelevant information in terms of accuracy.

It has been shown that late first language learners performed more slowly than early ASL
signers in various ASL tasks, but faster than second language learners, or at a comparable speed
(Ferjan Ramirez, Leonard, M., Halgren, Mayberry, 2013; Ferjan Ramirez et al., 2016; Mayberry,
Davenport, Roth, & Halgren, 2018), and their performance in non-verbal cognitive tasks is
comparable to hearing controls (Mayberry et al, 2018). Therefore, we hypothesized that the slow
performance in our experiment was not a general property of the late first language learner group,
but may represent the specifics of their magnitude processing. Slower reaction time may be
associated with difficulties inhibiting irrelevant information — but it could also be associated with
educational deprivation and little experience with timed tasks, although by the time of testing all
the late first language learners had already had the educational experience of a classroom setting,
taking exams, and playing games where time and reaction are important. The effects of language
deprivation and educational deprivation are hard to untangle, since one inevitably creates the other.
However, the finding that delayed first language deprivation may be associated with slower
response times on magnitude processing tasks may help explain the conflicting results of earlier
studies. Effects of language acquisition setting are often not controlled (see Hall & Dills (2020)
for a detailed analysis of this issue) and may be relevant for the interpretation of studies that report
a slowdown in magnitude tasks in deaf people (for example, Bull et al., 2005; Epstein et al., 1994).

At the same time, in comparison to the detrimental effects of early first language
deprivation on language proficiency that have been described in the literature (Boudreault &
Mayberry, 2006; Cheng & Mayberry, 2020; Cheng & Mayberry, 2019; Fromkin et al., 1974;
Mayberry et al., 2017; Mayberry et al., 2018; Newport, 1990), the acquisition of basic numbers
appears to be more intact: late first language learners perform with overall high accuracy with
Arabic digits, and they demonstrate strong evidence of automatic magnitude activation, typical of
adults in a numerical culture. With ASL number signs, late first language learners demonstrate
even higher accuracy than with digits.

What makes numbers so special? Perhaps, the numerical culture that the participants live
in makes number so fundamental that, despite the absence of conventional language input, from

an early age the late learners still use quantities, rely on numbers, watch people use number
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gestures and communicate number information to them. The studies of homesigners in Nicaragua,
another example of a highly numerate culture, documented quantity-tracking devices emerging in
homesign systems without language models (Coppola, Spaepen, & Goldin-Meadow, 2013), even
though these devices function more similarly to indices of items within sets rather than cardinal
representations of sets (Spaepen, Coppola, Flaherty, Spelke, & Goldin-Meadow, 2013), and
conventional signs for large exact numbers may not be developed (Spaepen, Coppola, Spelke,
Carey, & Goldin-Meadow, 2011). While it has been shown that a counting list is needed to form
the representation of larger numerosities, the concept of exactness is engrained in the numerical
culture in which late first language learners grew up. Besides language, number development also
requires the approximate number system to be intact. Finally, our experiment only assessed
automatic number representation, and more research is needed to establish how language
deprivation affects more complex mathematic operations.

The results of the Number Stroop Test with ASL numerals did not reveal a Number Stroop
Effect in any age of acquisition group. These results are in line with the results by Bull et al (2006),
but not those of Vaid and Corina (1989). This may be due to methodological differences. As
discussed earlier, Vaid and Corina presented their stimuli sequentially, while our experimental
procedure included simultaneous presentations of stimuli, as in Bull et al (2006). This might
indicate that, due to differences in experimental design, these studies detect different automatic
processes. The absence of Number Stroop Effect in simultaneously presented linguistic Stroop
stimuli is in line with the results of several experiments on spoken languages and supports the
hypothesis that mechanisms of automatic magnitude processing may be format-dependent (Cohen
Kadosh & Walsh, 2009). According to this hypothesis, the processing of linguistic numerals may
be less automatic even if unintentional, because it requires more processing resources. This
prevents interference from size information. Neuroimaging research suggests some format-
specific differences in processing as well (Cohen Kadosh et al., 2007).

Although automatic magnitude processing by linguistic numbers produces reaction time
patterns that differ from the Stroop Effect observed with Arabic digits, the decreased speed of
magnitude processing in late first language learners suggests a link between the two formats of
number representation. However, in line with research conducted in Nicaragua with deaf and
hearing adults of various backgrounds (Flaherty & Senghas, 2011), numbers can be successfully

acquired later in life. Despite being more prone to interference and showing an unusual speed and
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pattern of reaction time, the late first language group demonstrated automatic magnitude
activation, which is needed for skilled calculation.

Together the data from both formats (digits and linguistic numerals) suggest that early first
language exposure matters for number acquisition, and when language is acquired early in life, its
modality does not have an effect on number representation: deaf early signers are as fast and
accurate as hearing controls. This result once again underscores the importance of early access to
natural sign languages for all deaf children. Our results also call for adequate control for language
background in studies of deaf education: when ignored, the effect of language deprivation can be
confounded with other factors.
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Table 1a. Possible outcomes of Arabic Digit Task

Number Stroop Effect with Arabic Digits

Possible Interpretation

Found in all groups; no differences

Age of acquisition does not affect automatic magnitude

processing

Found in all groups, but there are differences

in late first language learners

Age of acquisition affects magnitude processing, but
automatic processing still can be achieved despite incomplete

early input (i.e., only digits)

Found in all groups but late learners

Age of acquisition affects magnitude processing, without
early language exposure automatic magnitude processing is

not achieved

Found only in hearing second language

learners

Table 1b. Possible outcomes of ASL Task

Something other than language deprivation affects automatic

magnitude processing in deaf participants

Number Stroop Effect with ASL signs

Possible Interpretation

Found in all groups

ASL number signs activate magnitude information in the
same way as Arabic digits, supporting the common number

representation hypothesis

Not found in all groups

ASL number signs activate magnitude in a different way from
Arabic digits, supporting the format-specific activation

hypothesis

Late first language learners differ from other

groups

Age of acquisition rather than years of exposure influences

automatic magnitude processing with number signs

Hearing signers differ from other groups

Years of exposure rather than age of acquisition influence

automatic magnitude processing with number signs

Early first language learners differ from other

groups

Both years of exposure and age of acquisition influence

automatic magnitude processing with number signs
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Table 2. Results summary for Number Stroop Effect with Arabic digits.

Arabic digits

Size mean RT (SD)/Accuracy (SD)

Number mean RT (SD)/ Accuracy (SD)

congruent neutral incongruent overall congruent neutral incongruent overall mean
mean

L1 438 (112)/ 437 (106)/ 473 (153)/ 450 (127)/ 549 (146)/ 613 (188)/ 678 (208)/ 612 (189)/
(early 0.99 0.90(0.02)  0.97(0.03) 0.95(0.04)  0.99(0.009)  0.97(0.03)  0.92(0.11) 0.96(0.07)
first (0.009)
language
learners)
L2 424 (104)/ 422 (96)/ 450 (138)/ 432 (116)/ 558 (162)/ 601 (163)/ 652 (156)/ 602 (165)/
(second 0.98(0.01)  0.90(0.01)  0.96(0.03) 0.95(0.04)  0.98 (0.01) 0.96 0.89 (0.07) 0.95(0.05)
language (0.02)
learners)
LLI1 674 (378)/ 642 (279)/ 698 (360)/ 672 (343)/ 823 (386)/ 931 (494)/ 942 (458)/ 893 (448)/
(late first ~ 0.94(0.15)  0.85(0.19)  0.89(0.23) 0.89(0.19)  0.99(0.018) 0.91(0.17) ~ 0.72(0.023) 0.88(0.23)
language
learners)
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Table 3. Results summary for Number Stroop Effect with Arabic digits.

Results summary for Number Stroop Effect with Arabic digits.
Age of Acquisition (AoA) groups: L1 (early first language learners), L2 (second language learners), LL1

(late first language learners).

Conditions: size and number

Congruity levels: congruent, neutral, incongruent

Reference categories: congruity = neutral, AoA (Age of acquisition) = L1, condition = number.

Response time

Predictors Estimates CI P
(Intercept) 604.64 492.92 —724.2 <0.001
congruity [congruent] -31.98 58.7-7.95 0.014
congruity [incongruent] 49.94 23.73 -75.34 <0.001
AoA [L2] -10.47 -166.37 - 162.63 0.902
AoA [LL1] 306.88 126.42 — 469.98 <0.001
condition [size] -158.63 -176.34 —-139.53 <0.001
congruity [congruent] * 11.69 -16.76 —41.21 0.441
AoA [L2]
congruity [incongruent] * -12.53 -41.12 -18.07 0.415
AoA [L2]
congruity [congruent] * -7.22 -37.20-21.04 0.641
AoA [LL1]
congruity [incongruent] * -12.05 -42.94 - 19.57 0.450
AoA [LL1]

AoA [L2] * condition -6.73 -29.67 — 18.03 0.589
[size]
AoA [LL1] * condition -55.63 -81.72 —-30.19 <0.001
[size]

Random Effects
o’ 37529.17
T00 stimulus 384.04
T00 block order:subject 33433.23
ICC 0.47
N stimulus 48
N block order 2
N subject 29
Observations 5728
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Marginal R? / Conditional R?

0.262/0.612
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Table 4. Mean RT (SD) as a function of congruity.

ASL signs.

Size mean RT (SD)/Accuracy (SD)

Number mean RT (SD)/ Accuracy (SD)

congruent  neutral incongrue overall congruent  neutral incongruent overall
nt mean mean

L1 (early 445 452 (146)/ 452 (164)/ 450 (152)/ 808 (204)/ 832 (219) 841 (197)/ 827 (207)/
first (145)/  0.99 (0.02) 0.98(0.01)  0.98 (0.02) 0.95(0.02) 0.95(0.03) 0.92(0.07) 0.94 (0.05)
language  0.98
learners (0.02)
L2 455 498 (192)/ 473 (194)/ 476 (180)/ 1049 (335)/ 1030 (330)/ 1063 (329)/ 1047 (331)/
(second (147)/  0.97 (0.02) 0.98 (0.01) 0.98 (0.02)  0.95(0.05) 0.94(0.05) 0.95(0.04) 0.95 (0.04)
language  0.98
learners (0.01)
LL1 (late 802 846 (481)/ 755 (445)/ 802 (458)/ 1079 (412)/ 1130 (446)/ 1134 (391)/ 1112 (418)/
first (444)/  0.97(0.02)  0.92(0.15) 0.96 (0.09) 0.98(0.01) 0.91(0.17)  0.78 (0.39) 0.89 (0.24)
language  0.97
learners (0.02)
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Table 5. Results summary for Number Stroop Effect with ASL sign

Age of Acquisition (AoA) groups: L1 (early first language learners), L2 (second language learners), LL1

(late first language learners).

Conditions: size and number

Congruity levels: congruent, neutral, incongruent
Reference categories: congruity = neutral, AoA = L1, condition = number.

response_time

Predictors Estimates CI p
(Intercept) 836.13 690.74 — 983.89 <0.001
congruity [congruent] -14.37 -59.48 — 30.49 0.546
congruity [incongruent] 4.50 -39.32 — 53.94 0.850
AoA [L2] 221.80 33.48 — 425.65 0.018
AoA [LL1] 302.93 118.53 — 494.29 0.001
condition [size] -385.58 -410.99 —-361.42 <0.001
congruity [congruent] * -8.61 -49.51 — 34.21 0.670
AoA [L2]
congruity [incongruent] * -4.92 -41.41 — 36.68 0.808
AoA [L2]
congruity [congruent] * -40.26 -78.68 — -2.58 0.044
AoA [LL1]
congruity [incongruent] * -39.51 -77.82 — -2.41 0.052
AoA [LL1]

AoA [L2] * condition -190.91 -226.04 —-160.40 <0.001
[size]
Ao0A [LL1] * condition 84.03 49.44 — 115.34 <0.001
[size]

Random Effects
o’ 60460.57
T00 stimulus 2875.89
T00 subject parity:subject 40513.91
ICC 0.42
N stimulus 48
N subject parity 2
N subject 29
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Observations

Marginal R? / Conditional R?

5379
0.387/0.643
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Table 6. Results summary for Iconicity Effect with ASL signs.

Results summary for Iconicity Effect with ASL signs.
Age of Acquisition (AoA) groups: L1 (early first language learners), L2 (second language learners), LL1
(late first language learners).
Iconicity: iconic. [+], non-iconic [-], mix
Stroop congruity levels: congruent, neutral, incongruent

Reference categories: congruity = congruent, AoA = L1, condition = number, iconicity = mix

rt rt

Predictors Estimates CI )2 Estimates Ccl )2
(Intercept) 932.44  870.77-994.11 <0.001  950.29 879.48 —1021.11  <0.001
congruity stroop 61.27 -0.40 — 122.94 0.051 65.55 7.06 — 124.04 0.028
[neutral]
congruity stroop 33.29 -28.38 — 94.96 0.288 34.84 -23.65-93.33 0.242
[incongruent]
Ao0A[L2] 192.56 130.89 -254.22  <0.001  192.56 134.12 - 250.99 <0.001
AoA [LLI1] 45517  393.51-516.84  <0.001  455.17 396.74 —513.61 <0.001
condition [size] 546.62  596.98 —496.27  <0.001 -544.80  -592.61-496.99  <0.001
iconicity [-] 37.20 -23.79 -98.19 0.231
iconicity [+] -102.79 -165.62 —-39.95 0.001
Observations 216 216
R?/ R? adjusted 0.763 /0.757 0.789/0.782
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Stroop Effect (Digit condition)
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Stroop Effect (ASL condition)
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Figure 1. Example of stimuli in Number Stroop Test
Figure 2. ASL number signs ONE - NINE.

Figure 3. Examples of stimuli for Arabic Digit block.
Figure 4. Examples of stimuli for ASL block.

Figure 5. Response times for the trials with Arabic Digits. The head of the facet and the color
indicate a group of participants (L1, L2, or LL1) and the condition (type or number). The top of
the box plot shows the higher quartile (75%), the bar shows the median (50%), and the bottom of

the box shows the lower quartile (25%); the dots show outliers outside the 1.5 interquartile range.

Figure 6. overall SNARC effect (when size and number information is both congruent or
incongruent) with Arabic Digits. The colors indicate a group of participants (L1, L2, or LL1) and
the columns show SNARC congruity (congruent or incongruent). The top of the box plot shows
the higher quartile (75%), the bar shows the median (50%), and the bottom of the box shows the

lower quartile (25%); the dots show outliers outside the 1.5 interquartile range.

Figure 3. Response times for the trials with ASL signs. The head of the facet and the color indicate
a group of participants (L1, L2, or LL1) and the condition (type or number). The top of the box
plot shows the higher quartile (75%), the bar shows the median (50%), and the bottom of the box

shows the lower quartile (25%); the dots show outliers outside the 1.5 interquartile range.
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