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Abstract

Recognition of a word and its meaning benefits from the sensorimotor information about
concepts. However, this phenomenon has been underexplored in second-language (L2) speakers
whomay rely onmore “shallow” representations. Using a megastudy dataset, I investigated how
sensorimotor strength affects first-language (L1) and L2 word recognition performance. Bayes-
ian hierarchical regressions revealed that variables associated with physical sensations
(interoceptive strength, motor action) and communication experience (head or mouth move-
ment, auditory strength) produced strong effects in both groups. On the other hand, variables
associated with concrete objects (visual, haptic experience) and with taste/smell (olfactory,
gustatory experience) influenced L1 word recognition performance to a larger extent than in
L2. In L2, reliance on semantic information during word recognition was reduced, with stronger
effects of lexical variables compared to L1. The findings provide implications for understanding
L2 processing mechanisms and demonstrate the usefulness of megastudy datasets in investi-
gating L2 conceptual representations.

Highlights

• Semantic richness facilitation in word recognition remains underexplored in second lan-
guage (L2).

• Megastudy data revealed that L2 speakers relied more on lexical information.
• In first-language (L1) speakers, all aspects of sensorimotor information facilitated performance.
• In L2, taste- and smell-related concepts did not benefit from additional facilitation.
• In L2, auditory processing facilitated responses the most.

1. Introduction

Reading a word in one’s native language activates the orthographic and phonological represen-
tation of the word, which further spreads activation to its semantic content. This can feed
activation back to the orthographic or phonological representation and facilitate a rapid, efficient
decision in a word recognition task (Coltheart et al., 2001; Harm & Seidenberg, 2004), allowing
for comprehension of the word’s meaning. Such information includes perceptual and motor
experience associated with the concept, encoded in the brain areas responsible for perceiving or
interacting with the word’s referent (Barsalou, 1999; Goldberg et al., 2006; Vigliocco et al., 2009),
and is simulated using similar neural pathways when encountering the concept’s name. For
example,motor cortex activation occurs upon reading action-related words, such as “kick” (Hauk
et al., 2004). According to the semantic richness theory (Buchanan et al., 2001; Pexman et al.,
2008), the stronger, more detailed the activation, with large amount of information about the
concept, the faster andmore accurate the word recognition (Pexman et al., 2008; Recchia & Jones,
2012; Yap et al., 2011; Zdrazilova & Pexman, 2013).

The facilitation effect of perceptual and motor simulation in word recognition has been
demonstrated in many languages (e.g., English: Lynott et al., 2020; Miklashevsky et al., 2024;
Dutch: Speed & Brysbaert, 2021; and Italian: Vergallito et al., 2020), but less is clear about this
mechanism in L2 word recognition. On the one hand, access to semantic information appears to
overlap between the two lexicons when comparing brain activity using electroencephalogram
(EEG) and functional magnetic resonance imaging (fMRI) imaging (Ma et al., 2017; Van de Putte
et al., 2017), and L2 automatically activates native language representations in behavioural
studies (Brysbaert et al., 1999; Thierry & Wu, 2007; Vukovic & Williams, 2014), which should
drive similar semantic facilitation effects of word recognition. Indeed, activation of motor areas
appears to be modulated by both native and non-native language processing (De Grauwe et al.,
2014; Dudschig et al., 2014; Monaco et al., 2023; see also Kühne & Gianelli, 2019, for review). On
the other hand, some evidence suggests reduced grounding of L2 lexical labels in sensorimotor
experience. Norman and Peleg (2022) found that participants did not automatically simulate
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shape information when reading sentences about visual objects in
L2. Access to negative emotional information is usually suppressed
in L2 (Foroni, 2015; Jończyk et al., 2016; Thierry &Wu, 2007;Wu&
Thierry, 2012), and memory for emotional stimuli in L2 does not
benefit from the same facilitation over neutral stimuli as in the
native language (L1; Baumeister et al., 2017). The difference likely
stems from the way in which the word meaning was acquired
(i.e., in classroom settings rather than in the context of emotional
situations or interacting with the referent concepts). As a result, one
could expect that the links between L2 labels and semantic repre-
sentation are weaker and less dense, resulting in slower and more
effortful access to semantic information (Monaco et al., 2019) and
less reliance on semantic information during word recognition.

Recently, psycholinguistic research has turned to megastudy
techniques (Balota et al., 2012) to address questions about the
semantic effects in language processing (Cortese, 2019; Cortese
et al., 2018; Dymarska et al., 2023b). This allows for examining
multiple item characteristics along the full range of their values,
rather than a dichotomous split of predictors. Although mega-
studies of sensorimotor simulation effects are focused largely on
L1 (Cortese et al., 2018; Lynott et al., 2020; Mandera et al., 2020;
Speed & Brysbaert, 2021), Brysbaert et al. (2021) collected the
first dataset of word knowledge of non-native English speakers,
where participants were presented with real words (62,000 in
total, spanning the lexicon of an average native English speaker;
Brysbaert et al., 2016) and non-words and asked to indicate
whether they knew the meaning of the word. This dataset presents
a unique opportunity to study the effects of semantic variables
(i.e., strength of sensorimotor simulation) on the accuracy and
time of response on non-native word recognition. Critically, data
on the same set of stimuli and the same task was also collected
among native speakers of English (Mandera et al., 2020), which
allows for a comparison of semantic effects where any differences
that emerge cannot be attributed to differences between the stim-
uli or tasks, but only the language status of the participants. In
other words, a comparison of the two datasets can reveal to what
extent the mechanisms of word recognition in native and non-
native speakers of English vary.

The benefits of such analysis are twofold. Firstly, unlike lexical
decision or word naming data, the word knowledge task (Mandera
et al., 2020) has not been investigated with semantic variables as
predictors of performance. Analysis of this dataset of native
speakers allows for the semantic richness theory to be tested on a
new task, similar to a lexical decision task, but tappingmore directly
into the semantic aspect of the word, due to the emphasis on
knowing the word’s meaning. Namely, participants are not asked
to determine whether the displayed stimulus in simply an English
word –which requires primarily knowledge of English orthography
– but to indicate whether they know themeaning of the word. Here,
the effects of semantic strength of a concept should be even more
evident, and thus, it is expected that this analysis will lend further
support to semantic richness theory. Secondly, and critically, ana-
lysing data from non-native speakers, both separately and in com-
parison with data from native speakers, can shed light on the effects
of perceptual and motor simulation on the speed and accuracy of
word recognition in L2. It is possible that similar effects will emerge
from the two datasets, suggesting that sensorimotor strength elicits
similar facilitation regardless of the language status (i.e., using one’s
native language or not). However, if the effects in L2 are weaker,
whether in accuracy or time of response, then this would have
implications for the theories of semantic representations in L2. In
other words, it is now possible to test the semantic richness theory

in L2 using a large dataset (nearly 20 thousand words, see Methods
for details).

Finally, collating the perceptual andmotor strength information
and the word knowledge data from the two groups of speakers
allows us to compare the sensorimotor profile of the words which
are known by the two groups. Brysbaert et al. (2021) examined the
characteristics of words best known by native and non-native
English speakers and reported that L2 speakers tended to have
better knowledge of academic words and complex words derived
from other languages, with poorer knowledge of words used in
everyday life in social or family settings, likely due to differences in
exposure. However, they did not compare the perceptual andmotor
characteristics of best-known words among the two groups of
participants. It is likely that high sensorimotor strength words are
best known by native speakers of English, since they are most likely
to be acquired by interacting with their referent objects. On the
other hand, it is also possible that L2 speakers report knowing high
sensorimotor strength words more, as they can be easier to remem-
ber (Dymarska et al., 2023a), or easy to directly match to referents
frequently encountered in everyday life.

2. Current study

In the current study, I use data from existing megastudies of word
knowledge in L1 and L2 English, in order to analyse the sensori-
motor profile of the words that people tend to know best in their L1
and L2. Employing Bayesian hierarchical linear regressions on
datasets from Mandera et al. (2020) and Brysbaert et al. (2021), I
then evaluate the effects of perceptual and motor strength ratings
on accuracy, reponse time (RT) and rank order in an English word
knowledge task. I first set out to establish to what extent sensori-
motor information facilitates L1 word knowledge and whether the
pattern of results is comparable to research on lexical decision,
validating the Mandera et al. (2020) dataset as a useful source to
study word recognition alongside, for example, lexical decision and
word naming from the English Lexicon Project (ELP; Balota et al.,
2007). Subsequently, I investigate, for the first time, whether
strength of perceptual and motor experience predicts word know-
ledge task performance in L2, in order to shed light on the extent to
which sensorimotor information facilitates word processing in L2
compared to L1.

As predictors, I use Lancaster Sensorimotor strength ratings
fromLynott et al. (2020)which have proven to be reliable predictors
of lexical decision performance (e.g., Dymarska et al., 2023b; Lynott
et al., 2020 and Speed & Brysbaert, 2021). They include six indi-
vidual perceptual strength ratings, five motor effector strength
ratings and the composite Minkowski3 sensorimotor strength,
which combines themultidimensional ratings into a single variable,
while attenuating the influence of weaker dimensions.

3. Study 1

In this study, I analyse rank order of best-known words, as well as
accuracy and speed of responses, in a word knowledge task from
Mandera et al. (2020). This dataset was selected to provide direct
comparison of performance in L1 and L2 speakers (Study 2),
without the confounding effect of task differences. Additionally,
as the dataset from Mandera et al. (2020) is more recent than
commonly used datasets of word recognition (e.g., British Lexicon
Project, Keuleers et al., 2012; English Lexicon Project, Balota et al.,
2007), the current study will investigate for the first time whether
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word knowledge is affected by lexical and semantic word charac-
teristics in the same way as word recognition, which can inform
future studies attempting to use word knowledge as both dependent
and independent variables. The study will provide a sensorimotor
profile of words that are most commonly known by English
speakers.

The study also aims to establish baseline lexical effects on word
knowledge, as well as to evaluate perceptual and motor strength
effects, for further comparison with L2 English speakers in Study
2. It is the first study to investigate whether words better known by
the English-speaking population are rated higher on semantic
variables, such as sensorimotor strength.

3.1. Method

3.1.1. Materials
The study used data from an online “word knowledge”megastudy,
with speakers of English as L1 (English Crowdsourcing Project,
Mandera et al., 20201), where participants were presented with
words and non-words in English and were asked to “indicate
whether it is a word you know or not”. Our dependent variables
(DVs) were as follows: rank order of the words from best known to
least known (based on accuracy and RT, as ranked in the original
study); accuracy in responding “yes” to words that were true
English words, known to the participants, as well as response time
on correct responses to real words.

Based on previously established lexical effects on word recogni-
tion, I collated a number of lexical predictors: log word frequency
and log contextual diversity, word length in letters, Orthographic
Levenshtein Distance (OLD), Phonological Levenshtein Distance
(PLD), number of morphemes, number of syllables and Age of
Acquisition (AoA; all available from ELP), as well as Zipf frequency
(van Heuven et al., 2014). As semantic variables, I used concrete-
ness ratings (available fromELP) and sensorimotor strength ratings
in English from Lynott et al. (2020), encompassing six perceptual
modalities (vision, hearing, smell, taste, touch and interoception),
five motor effectors (head, mouth, torso, leg arm action) and a
composite measure of sensorimotor strength (Minkowski3)
which was found by Lynott et al. to be a good predictor of word
recognition.

I selected words from Mandera et al. (2020) for which values
were available for all nine lexical predictors, as well as concreteness
and sensorimotor strength ratings. This resulted in a sample of
19,816 words.

Due to high multicollinearity of the lexical and sensorimotor
variables, I opted for a principal components analysis (PCA; par-
allel analysis, 95th percentile, with orthogonal varimax rotation and
pairwise exclusion, using the correlation matrix), reducing the
22 variables to 6 orthogonal components (see supplemental mater-
ials for zero-order correlations between predictors and details of the
PCA). The components captured 75.7% of the original variance,
and the intercorrelation of the components was zero or near zero.
Composite Minkowski3 sensorimotor strength was not included in
the PCA, in order to compare the total effects of the rotated
components with the effects of composite sensorimotor strength
and to determine which method of compressing data from the
11 sensorimotor dimensions provides better predictor variables.

The PCA represented different aspects of information about
concepts – two were lexical (capturing length- and frequency-related
variables), and the remaining four captured sensorimotor experience
of the words. The sensorimotor components concentrated around
concrete objects (CO; loading strongly on concreteness, touch and
vision and loading most negatively on interoception), physical sen-
sation (PS; loading on interoceptive, arm, foot strength and torso
experience), taste and smell (TS; loading on gustatory and olfactory
experience and experience with themouth) and talking and listening
(TL; loading on auditory, head and mouth experience). This was
similar to the components in Dymarska et al. (2023b) who analysed
over 9,000 words with similar variables, supporting the robustness of
the division of the components, and perhaps mirroring the type of
concepts we often tend to encounter and label in everyday life. The
components also partially overlapped with factors identified in a
sample of 6,000words byDiveica et al. (2024): visuotactile (to dowith
touch and vision), body action (motor) and social interaction
(similar to communication; listening and talking).

The components, together with the lexical components, served
as predictors in the analysis. All data along with the analysis code,
can be found at: https://osf.io/wx8fc/

3.1.2. Data and analysis
Data was analysed using Bayesian hierarchical linear regressions in
JASP (0.18.1: JASP Team, 2023), with default JZS priors (r = .354)
and a Bernoulli distribution (p = 0.5). In Step 1, I entered the two
lexical components (Length and Frequency)2. In Step 2, I added
sensorimotor strength measures: the four sensorimotor compo-
nents (Step 2a) and Minkowski3 sensorimotor strength (Step 2b),
in order to determine whether sensorimotor strength facilitates
performance in the word knowledge task over and above the lexical
variables.

I used Bayes Factors (BFs) per model to establish whether the
model step withMinkowski 3 sensorimotor strength or with the four
sensorimotor components outperformed the lexical model and
which model step provided better fit to the data. I report regression
coefficients and their BFinclusion (evidence threshold: BFinclusion ≥ 3)
to estimate the effect of each predictor on word knowledge.

The analysis was repeated for each of the three dependent
variables from Mandera et al. (2020) – rank order, accuracy and
reaction time.

3.2. Results

Overall accuracy was high, with 97% of words recognised correctly
by native English speakers (standard deviation (SD) = 4.2%) and
average RT on correct responses was 982ms (SD= 140ms). Top five
words,3 with highest accuracy and fastest response times, were
“pet”, “water”, “blood”, “horse” and “hair”. Words ranked the
lowest, with poor accuracy of recognition and slowest response
times were “wisenheimer”, “riffle”, “enmesh”, “matchwood” and

1In Mandera et al. (2020), 60% of participants reported being born in the
USA, 22% in the United Kingdom, and the remaining 18% in other countries
around the world. American English spelling was used in the study.

2An alternative analysis was considered, where AoA was not entered into the
PCA, but was instead included as a separate variable, after Step 1 lexical
components, in order to maximise variance explained before entering sensori-
motor components as Step 3. This analysis produced a lot of suppression effects
due to intercorrelation between AoA and the components, which reduced the
reliability of the key results, but it is reported in supplemental materials for those
interested in independent AoA effects on task performance.

3Note that top/bottom 5/500 words throughout the manuscript do not
correspond to the same words in the original Mandera et al. study, as only
one-third of the original dataset in included in the current analysis.
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“zodiacal”. Table 1 shows descriptive statistics of the top 500 words
in L1 and L2, based on the lexico-semantic variables entered into
the PCA.

Figure 1 illustrates how the component scores are represented in
the 500 most and least known words. While the two groups appear
to vary, and the most known words tend to score higher on
sensorimotor components, the CO component did not show sig-
nificant difference between the two groups of words (p > .1). Native
speakers of English tend to report knowing words that are generally
higher in sensorimotor strength, but it is possible that some less
known words can still refer to highly concrete concepts or reflect
specialised knowledge (e.g., obscure objects).

The baseline lexical model explained 28.2% variance in accur-
acy, 40.9% of variance in L1 rank and 50.5% in zRT (based on total
R2; see Table 2 and Figure 2), which was comparable or slightly
higher than lexical decision accuracy and RT (Khanna & Cortese,
2021; Dymarska et al., 2023b). Participants responded faster to
shorter and more frequent words. Higher frequency also
improved accuracy and led to higher rank. Unexpectedly, accur-
acy was better for longer words, and there was no effect of word
length on rank.

Step 2a model with sensorimotor components explained an
additional 2.1% of variance in accuracy (BF10 = 1.205×10117),
2.8% of variance in L1 rank (BF10 = 3.507×10198) and 3% in zRT
(BF10 = 3.636×10265), which was comparable to previous findings
on sensorimotor effects in lexical tasks (Dymarska et al., 2023b).

The Step 2b model with Minkowski3 sensorimotor strength,
contributed between 1.9% and 3% of variance in dependent vari-
ables. The Step 2a model with sensorimotor components offered a

better fit than the 2b model with Minkowski 3 aggregate measure
for accuracy and rank (BF10 ≥ 5980148.883), but Step 2b model
offered a better fit for zRT (BF01 = 17978.54785).

Within both model 2a and model 2b, each component, as well as
the composite measure, contributed to reported word knowledge of
native English speakers in a facilitatory manner. All effects were very
strong (BFinclusion ≥ 210.391; see Figure 2). Participants were more
likely to indicate that the word was known when it was rated highly
on sensorimotor strength and were also faster to make the response.
Words with stronger sensorimotor strength were ranked as lower
numerically, that is, the stronger the sensorimotor representation,
the closer to number 1 (best known) the word was.

3.3. Conclusion

The results support the semantic richness theory, whereby visual
processing of words is likely to be faster andmore accurate when the
word is rated as stronger in sensorimotor experience (Connell &
Lynott, 2012; Pexman et al., 2008; Speed&Brysbaert, 2021). Thiswas
found in a task which was not a typical lexical decision task; that is,
participants were asked to determine whether they knew the mean-
ing of a given word, not whether it was a real word. In the current
task, participants may have consciously tried to focus more on the
meaning of the word, but this did not seem to influence the effect
sizes of the semantic variables, which accounted for the same amount
of variance as would be expected in a lexical decision task. It appears
that semantic activation occurs automatically upon encountering a
written word, to the same extent regardless of specific task instruc-
tions, or in other words, the two tasks tap into the same word
recognition mechanism. Overall, native speakers of English report
knowledge of words with strong sensorimotor representations.

4. Study 2

In Study 2, I examinedwhether systematic and automatic activation
of sensorimotor information during word recognition occurs in
participants who are not native speakers of English, whether the
patterns that emerged in Study 1 extended to non-native speakers,
or whether the semantic activation in L2 word processing varies
from the activation in L1 to the extent that it affects word recog-
nition performance.

4.1. Method

Materials and data analysis were the same as in Study 1, with one
key difference: the dependent variables (rank, accuracy and RT)
were taken from an online megastudy where participants were
speakers of English as L2 (Brysbaert et al., 2021). Participants of
the study came from different countries (more than 150 different
languages reported as L1) and varied in their proficiency levels, with
the majority self-reporting as fluent in English. Self-reported lan-
guage proficiency statistics are presented in Table 3.

I report regression coefficient and BFinclusion values from the full
Step 2a model (including all four sensorimotor components) and
the Step 2b model with Minkowski 3 sensorimotor strength.

4.2. Results

Accuracy was somewhat lower and less consistent than among native
speakers, with 79% of words recognised correctly (SD = 17.7%),
and average RT on correct responses was slower (mean = 1240 ms,

Table 1. Descriptive statistics of top 500 words known by L1 and L2 speakers

Variable Mean (± 1 SD) for L1 Mean (± 1 SD) for L2

Length 5.606 (1.576) 6.096 (2.298)

LgSUBTLWF 3.097 (0.774) 3.489 (0.867)

LgSUBTLCD 2.841 (0.605) 3.127 (0.61)

FreqZipfUK 4.461 (0.737) 4.843 (0.809)

OLD 1.980 (0.606) 2.139 (0.806)

PLD 1.819 (0.698) 2.053 (0.96)

Number of morphemes 1.346 (0.52) 1.492 (0.65)

Number of syllables 1.644 (0.665) 1.948 (0.99)

Age of acquisition 6.536 (2.117) 5.948 (2.158)

Concreteness 3.493 (1.058) 3.417 (1.081)

Auditory strength 1.728 (1.128) 1.989 (1.139)

Gustatory strength 0.503 (0.96) 0.499 (0.875)

Haptic strength 1.405 (1.098) 1.346 (1.086)

Interoceptive strength 1.291 (1.051) 1.256 (1.013)

Olfactory strength 0.583 (0.864) 0.641 (0.816)

Visual strength 3.21 (0.974) 3.246 (1.01)

Foot/leg strength 1.064 (0.974) 1.062 (0.954)

Hand/arm strength 1.747 (1.035) 1.741 (1.021)

Head strength 2.58 (0.819) 2.723 (0.824)

Mouth strength 1.518 (1.111) 1.637 (1.052)

Torso strength 1.05 (0.824) 1.047 (0.834)
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SD = 224 ms). Top five words, with highest accuracy and fastest
response times, were “help”, “best”, “smile”, “full” and “coffee”.Words
ranked the lowest, with poor accuracy of recognition and slowest
response times were “wisenheimer”, “sudsy”, “hibachi”,

“cummerbund” and “varmint”. Among non-native speakers of Eng-
lish, the top 500 words generally recognised as best known were
slightly more frequent, longer and with denser orthographic and
phonological neighbourhoods (see Table 1). On the other hand, they
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Figure 1. Comparison of the component scores for 500 best and 500 least known words in the L1 group (Study 1).
Note: CO – concrete objects; PS – physical sensation; TS – taste and smell; TL – talking and listening.

Table 2. Variance in word knowledge explained by each step of the regression models (change in R2, with Bayes Factors for each step compared to the previous)
and by each lexical and sensorimotor component (mean posterior coefficients of individual predictors) for each DV.

Study 1 (L1) Study 2 (L2)

Model/ parameter Accuracy Rank zRT Accuracy Rank zRT

Step 1: lexical baseline R2 .282*** .409*** .505*** .440*** .473*** .532***

Length bβ .002 75.130 0.063 .036 �2574.003 0.069

Frequency bβ .022 �5938.578 �0.113 .112 �8771.511 �0.181

Step 2a: sensorimotor ΔR2 .021*** .028*** .030*** .020*** .021*** .022***

Concrete objects bβ .001 �388.405 �0.017 .003 �245.726 �0.004

Physical sensation bβ .004 �1043.380 �0.018 .011 �826.439 �0.018

Taste and smell bβ .009 �351.557 �0.011 .002 �201.590 �0.011

Talking and listening bβ .004 �1008.49 �0.017 .022 �1719.068 �0.032

Step 2b: Minkowski3 ΔR2 .019*** .026*** .030*** .008*** .008*** .014***

Mink3 sensorimotor bβ .006 �1700.102 �0.036 .018 �1371.372 �0.035

Note: Rank coefficients have large values due to the large units that rank ismeasured in (1:57,327), relative to the units of PCA (around�3 to 3). Negative coefficients indicate that higher frequency
or sensorimotor strength are associated with numerically lower (i.e., better) ranks, meaning values closer to 1.
*BF10 ≥ 3, positive evidence; **BF10 ≥ 20, strong evidence; and ***BF10 ≥ 150, very strong evidence.
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were rated higher on most, though not all, sensorimotor dimensions,
compared to the top 500 words recognised as best known by native
speakers.

Similar to native English speakers in Study 1, participants
tended to report words scoring higher on sensorimotor strength
as known (see Figure 3), and the 500 most and least known words
generally differed significantly on the sensorimotor dimensions,
except for the CO component (p > .1).

In the regression analysis of L2 word knowledge, 44.0% of
variance in accuracy was explained by the lexical model, which
was higher than in Study 1. The baseline model explained 47.3% of
variance in L2 rank (higher than in Study 1) and 53.2% of variance
in zRT (higher than in Study 1). Critically, both Length and

Frequency components elicited much stronger, consistent facilita-
tion effects in L2 than in L1 (see Table 2 and Figure 2).

In Step 2a, the full model explained an additional 2.0% of
variance in accuracy (BF10 = 5.897×10147), 2.1% of variance in
word rank (BF10 = 792331.784) and 2.2% of variance in response
time (BF10 = 1.181×10126), similar to Study 1 for accuracy, but less
for rank and zRT. Facilitation was primarily driven by two com-
ponents: Talking and Listening and Physical Sensation, which
elicited very strong effects on all DVs (BFinclusion ≥ 74959.284),
with weaker effects of the Concrete Objects component (BFinclusion
≤ 39.694). That is, participants were most likely to report the word
as known when it was scored highly on the two strongest compo-
nents. The final component, Taste and Smell, elicited the most
variable effects, with a strong facilitation of RT, a weaker effect
on rank, and no effect on accuracy. Interestingly, the effects of
component TL were much stronger in L2 compared to L1 partici-
pants (see Table 2 and Figure 2), where the inclusion of BFs
indicated that it was consistently outperforming in Study 2 com-
pared to Study 1 for each dependent variable.

Step 2a model offered a better fit than the 2b model for accuracy
and RT (BF10 ≥ 4.710×1066), with step 2b model outperforming 2a
for rank (BF01 = 6.573×1059). The contribution of Minkowski3
sensorimotor strength was much lower than in Study 1, explaining
less than 1.5% of variance (based on total R2), although the regres-
sion coefficient indicated a higher contribution of Minkowski 3 to
accuracy in L2 than in L1.
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Figure 3. Comparison of the component scores for 500 best and 500 least known words in the L2 group (Study 2).
Note: CO – concrete objects; PS – physical sensation; TS – taste and smell; TL – talking and listening.

Table 3. Number of sessions and performance for the four proficiency levels
indicated by participants in Brysbaert et al. (2021)

Level
Number of
sessions

Score (SD in
parentheses)

“I know a few words” 7,104 0.35 (0.20)

“I can have a simple conversation” 21,676 0.37 (0.17)

“I can read a simple book” 58,269 0.45 (0.17)

“I speak and read the language fluently” 199,398 0.62 (0.15)
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4.3. Cross-study comparison

As a final comparison, I conducted a combined analysis of response
timeof the twogroups, using full Step2amodel parameters as baseline
(all six rotated components), with Study number and its interaction
with each sensorimotor component as an additional step of the
analysis. Results showed that the addition of the study predictor
and its interaction with CO and TL components accounted for an
additional 7.4% of variance in the model (log(BF10) = 3060.566). The
contribution of the CO component to RTwas overall weaker in Study
2 ( bβ = 0.012, log(BFinclusion) = 26.140), while the contribution of the
TL component was stronger in Study 2 (bβ=�0.015, log(BFinclusion) =
41.696), and the other two components did not interactwith the study
number. This is consistent with the results of separate analyses, as
illustrated in Figure 2.

4.4. Conclusions

The results of Study 2 showed a reduced contribution of sensori-
motor variables to word processing accuracy in non-native English
speakers, with an increased contribution of lexical variables com-
pared to native speakers in Study 1. Non-native speakers of English
tended to report knowledge of words that relate to communication
with the world (e.g., “concert”, “human” and “chat”), as well as with
bodily sensations (e.g., “pain”, “exercise”, “move” and “feeling”).
While easier to interact with and access in real life, words which
referred to Concrete Objects were only somewhat more likely to be
known among non-native speakers, perhaps because it was a broad
category not fully capturing what kind of objects non-native
speakers of English are familiar with or have encountered in a
non-native context. Similarly, words describing food and related
actions were notmore likely to be reported as known, whichmay be
due to the fact that beyond certain basic items, food tends to include
specialised vocabulary, which varies between regions of the world,
andmay only be acquired at a native level when immersed in a given
culture for a long time. Unexpectedly, the contribution of the
Talking and Listening component was surprisingly strong, higher
than its contribution to L1 processing on all DVs, which may
provide some insight into the way L2 speakers process words, with
focus on auditory information. I address this in more detail in the
general discussion.

Minkowski 3 composite variable explained some of the variance
in performance, with weaker effects than the four combined sen-
sorimotor components, but at times better model fit. The contri-
bution of the composite variable was also much higher for accuracy
in Study 2 than in Study 1 (see Table 2 for detailed coefficients).
Since Lynott et al. (2020) found it to be a stronger variable than both
summed sensorimotor components and principal components of
sensorimotor strength, it is possible that the mixed results in the
current study are driven by concreteness which was included in
the PCA.

Critically, while the contribution of sensorimotor components
was overall reduced compared to Study 1, the increased contribu-
tion of Frequency and Length variables led to a larger total R2 of
accuracy of L2 participants (see Table 2 and Figure 2). The differ-
ence was supported by the BF (also larger for the L2 model). This is
in line with previous research on frequency effects in L2 word
recognition and can be attributed to lower exposure and smaller
vocabulary size in L2, increasing participants’ sensitivity to high-
frequency words (Brysbaert et al., 2017; Duyck et al., 2008).

At the same time, in the analysis of response times, all compo-
nents elicited a facilitation effect on speed of processing, with the

effect sizes mostly similar to Study 1, suggesting that just like in L1,
processing known written words in L2 (i.e., reading the word,
accessing its meaning and making a decision on how to respond)
can be faster for words that have richer semantic representations. In
line with accuracy results, the contribution of the component CO
was reduced and the contribution of the component TL was stron-
ger than in L1, but overall, the results provide evidence that seman-
tic richness can play a role in L2 word processing.

5. General discussion

The study investigated the role of semantic variables in word
recognition performance and sensorimotor profiles of words best
known by native and non-native speakers of English. I performed
Bayesian hierarchical regressions on megastudy data from a novel
“word knowledge” task (Brysbaert et al., 2021;Mandera et al., 2020)
and found that in L1 speakers, both lexical and semantic variables
elicited expected facilitation effects. The results of Study 1 supported
semantic richness theory predictions, showing that native speakers
of English respond faster and more accurately to words with
stronger sensorimotor representations. Sensorimotor information
was a good measure of semantic content activated upon seeing a
word, and it reliably facilitated both accuracy and response times in
the word knowledge task, which provided further evidence for the
involvement of sensorimotor simulation in language processing.
On the other hand, Study 2 found that sensorimotor information
plays a reduced role in word recognition and knowledge in L2 word
processing, with lexical characteristics eliciting stronger effects on
performance.

The contribution of sensorimotor components to word know-
ledge in L1 provides support for the linguistic-sensorimotor theor-
ies of language processing and is in line with previous research
demonstrating the role of sensorimotor variables in word recogni-
tion (e.g., Dymarska et al., 2023b; Speed&Brysbaert, 2021). Despite
very high accuracy of performance among participants, with rela-
tively little variance to explain, strong facilitation effects emerged
across all types of sensorimotor experience. Although the Taste and
Smell component produced a relatively weaker effect on accuracy, it
still strongly facilitated response time. As taste and smell have been
underexplored in word recognition studies, with mixed results
regarding their contribution to task performance (Dymarska
et al., in prep), this finding suggests a possibility that olfactory
and gustatory experience can indeed support word recognition.
On the other hand, it is possible that the effect of taste and smell
could stem from the emphasis on word meaning in the current
word knowledge task. Specifically, the instruction to focus on
knowing the word meaning may have led participants to direct
their attention to these senses (c.f. Connell & Lynott, 2016), which
enhanced the relevance and statistical contribution of the TS com-
ponent to task performance. Notably, most native speakers
achieved very high accuracy on the task, and it is possible that
the true contribution of spreading semantic activation in perform-
ance on the task is underestimated, so further research is needed to
unequivocally determine whether the word knowledge task relies
on sensorimotor information to the same extent.

The most striking result in Study 2, on the other hand, is the
strong contribution of the Talking and Listening component,
related to auditory experience. While visual strength is expected
to dominate performance in a visual task (Connell & Lynott, 2014),
this finding hints at a mechanism or a strategy employed by L2
speakers in the word knowledge task. When asked about the
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meaning of a given word, it is possible that participants (who
performed the study online, likely at home) chose to pronounce
the word out loud or mentally focus on the sound of the word, in
order to bring to mind the memory of the word’s meaning, and to
evaluate whether or not they knew it. This is especially likely given
the reduced activation of other aspects of word meaning
(as illustrated by weaker CO and TS effects), which provided less
support for the task compared to L1 participants. In that case, the
task became somewhat auditory in nature and thus activated more
of the related auditory simulation where available, resulting in a
facilitation for such words (see Connell & Lynott, 2014). For other
words, where simulation of auditory experience was not relevant,
the sound of theword and its phonological characteristics, as well as
the familiarity of its sound form, may have driven participants’
recognition, which is what led to increased frequency effects, and
consistent but small effects of the remaining sensorimotor compo-
nents on response time (especially if words with strong sensori-
motor representations are used more often in language and are
therefore more familiar, regardless of the content of their represen-
tation). Due to the environment in which L2 is often acquired
(i.e., classroom-based learning requiring repetition of word sounds
rather than grounded experience of the associated word referents),
it is possible that non-native speakers of English aremore successful
at learning and processing words based on their lexical character-
istics, such as what the word sounds like and the frequency of
exposure. This can result in a weaker link between the L2 lexical
entry and semantic information and can lead non-native speakers
to rely on lexical characteristics more than native speakers do, at
least until they build up native-like vocabulary (c.f. Brysbaert et al.,
2017).

Interestingly, a strong effect of the Physical Sensation compo-
nent also emerged for L2 speakers, whereby participants were more
accurately responding to words related to bodily movements and
experiences (e.g., “workout” and “pain”). Since body- and physical
experience-related concepts may capture increased attention due to
their importance for survival (Bonin et al., 2024; Dymarska et al.,
2023a), it is possible that the activation of this aspect of sensori-
motor experience is strong even when encountering the concept in
L2, although this conflicts to some extent with the findings that
attention to negative information (often associated with survival as
well) is reduced in L2 (Jończyk et al., 2016;Wu&Thierry, 2012). On
the other hand, Body and Communication components in
Dymarska et al. (2023b; similar to PS and TL components in the
current analysis) elicited the most consistent facilitation effects on
lexical decision across different word samples, so it is possible that
they simply have stable enough representations that their activation
is more reliably predicted in L2 context. Further research into the
nature of sensorimotor simulation in L2 processing is needed to
disentangle these potential mechanisms.

I performed a large-scale analysis of data from a megastudy of a
novel word recognition task to shed light on the sensorimotor
strength effects in second language users of English. A systematic
comparison with native speakers showed that all other variables
being equal (i.e., words used as stimuli, instructions in the task,
dependent measures and predictor variables), non-native language
processing relies on sensorimotor variables to a lesser extent than
native language processing. Because the data was collected online,
and L2 participants came from different backgrounds, these differ-
ences cannot be attributed to the characteristics of a specific lan-
guage or to low proficiency levels, but rather they shed light on the
general process of word recognition in a large, diverse group of non-
native English speakers, which is representative of much of the

world’s population today. The results indicate that when processing
words in L2 English, sensorimotor simulation is reduced. Even
when asked explicitly about knowing the words’ meaning, people
make the decision primarily based on their knowledge of the word
form. Nonetheless, some physical and auditory experience is also
used, appearing to have relatively stronger activation, possibly due
to the nature of the task (auditory experience) or its importance in
interacting with the world (physical and bodily experience).

It is important to note that all the predictor variables, that is,
sensorimotor strength ratings, concreteness ratings and age of
acquisition ratings, were obtained from L1 speakers, and frequency
measures were calculated based on assumed native exposure.
Although sensorimotor strength norms from L2 English speakers
do exist for a limited sample of words (Lee & Shin, 2023), other
variables are not available, and there weremany advantages to using
norms obtained from native speakers. First, it allowed for a direct
comparison of effect sizes between analyses where only participant
characteristics vary, thus indicating towhat extent and inwhat ways
semantic activation in non-native English speakers affects perform-
ance on word recognition differently, compared to a native
speaker’s performance. Second, ratings from L2 speakers are likely
to be influenced by their native language, where differences in
semantic representations may be the result of linguistic or cultural
variations, and not general cognitive mechanisms that occur when
using a language learned later in life. Nonetheless, it is important to
look at the issue more closely and to investigate L2 semantic
representations using variables obtained from native speakers of
languages other than English, comparing them directly with vari-
ables obtained from non-native speakers of English, as well as other
languages.

Critically, knowing which aspects of sensorimotor simulation
are strongly activated in L2 helps generate further predictions about
processes beyond word recognition. For example, memory for
words was recently found to be affected by various aspects of
sensorimotor information in different ways (Dymarska et al.,
2023a), depending on which aspect of sensorimotor information
was most relevant for a given concept. I hope that this study will
spark curiosity among researchers on bilingualism and semantic
processing, leading to future studies addressing the question of
embodiment effects in L2 processing.

Data availability statement. The data that supported the findings of this
study was collated from Brysbaert et al. (2021); Mandera et al. (2020); Lynott
et al. (2020); Balota et al. (2007); and van Heuven et al. (2014). Final dataset,
together with the analysis code, is available on Open Science Framework at
https://osf.io/wx8fc/.
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