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Abstract 23 
Language can have a powerful effect on how people experience events. Here, we examine 24 
how the languages people speak guide attention and influence what they remember from a 25 
visual scene. When hearing a word, listeners activate other similar-sounding words before 26 
settling on the correct target. We tested whether this linguistic co-activation during a 27 
visual search task changes memory for objects. Bilinguals and monolinguals remembered 28 
English competitor words that overlapped phonologically with a spoken English target 29 
better than control objects without name overlap. High Spanish proficiency also enhanced 30 
memory for Spanish competitors that overlapped across languages. We conclude that 31 
linguistic diversity partly accounts for differences in higher cognitive functions like 32 
memory, with multilinguals providing a fertile ground for studying the interaction 33 
between language and cognition. 34 

35 
Teaser 36 

Linguistic competition within and across languages changes memory for visual items, 37 
showing language and memory are intertwined. 38 
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Introduction 45 
We often rely on language to remember the details of past events. For example, mnemonic 46 

devices that are linguistic in nature use acronyms and rhymes to help improve memory. Memory 47 
and language are so closely linked that even hearing single words can change how we remember 48 
events. When hearing a spoken word unfold over time, a listener activates several related 49 
candidates before ultimately accessing the correct word (1, 2). For example, as the word clock is 50 
heard, related words that sound similar (e.g., clown) are also activated and act as phonological 51 
competitors (3). Words with many competitors (i.e., those with higher phonological neighborhood 52 
density) are generally identified more slowly than words with few competitors (see (4) for 53 
review). Critical for the present study, bilinguals have been shown to activate competing words in 54 
both of their languages, resulting in linguistic competition within and between languages. For 55 
example, bilinguals are slower to recognize interlingual homophones (words that overlap in 56 
phonology but not meaning across languages, e.g., English sue and French sous; (5)). Similar 57 
effects of competition across languages have been observed for words with partial phonological 58 
overlap (e.g., clock-clavo, nail in Spanish)  (6–8). 59 

While the dual-language activation of competitors is an established effect, little is known 60 
about the long-term cognitive consequences of continuously accessing competing words in two 61 
languages. Recent research indicates that the activation of competing labels within a single 62 
language can enhance memory for corresponding visual images (9). Despite evidence for the 63 
interactivity of language and memory within the monolingual mind, our current understanding 64 
does not account for the diversity in language experiences seen throughout the world. Here, we 65 
test whether knowing multiple languages improves visual memory for linguistic competitors 66 
through the co-activation of labels that overlap within and across languages. 67 

The activation of language in the mind can be studied by tracking eye movements (10, 68 
11). In visual search experiments, participants typically hear a word and find the matching item 69 
among an array of object images. Crucially, the other objects in the array can be manipulated to 70 
resemble the target item visually or linguistically. For example, when asked to find a beaker 71 
among other objects, participants look more at objects whose names overlap (e.g., beetle) or 72 
rhyme (e.g., speaker) with the target word than at unrelated objects (e.g., carriage) (1). Increased 73 
eye movements toward related objects reflect activation of competing labels, showing that 74 
linguistic overlap with a target can impact visual search (2, 12). 75 

During visual search, bilinguals look more at competitor objects that overlap 76 
phonologically in both of their languages (6, 7). Effects of between-language competition are 77 
robust across languages (13, 14), modalities (15, 16), and levels of processing (e.g., phonological, 78 
lexical; 6, 12), and can even be observed without overt linguistic cues (18, 19). There is also 79 
significant interactivity between linguistic and non-linguistic systems, and bilingualism is known 80 
to play an important role in higher-order cognitive domains like decision-making, creativity, and 81 
memory (20–24). The current study examines the relationship between language and other 82 
cognitive systems by measuring the impact of phonological competition on episodic memory. 83 

Episodic memory is the recollection of specific events and their contexts, and it is often 84 
measured by presenting participants with words or items to be remembered (i.e., memory 85 
encoding) and asking them to recall and recognize them later in the experiment (i.e., memory 86 
retrieval). Visual search experiments show that the more objects are looked at during memory 87 
encoding, the better they are remembered later on (25, 26). Since linguistic competition between 88 
items increases looks to competitors, we predicted that phonological competitors encountered 89 
during a visual search task would be remembered better than control objects without phonological 90 
overlap (Fig. 1). 91 
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 92 
Fig. 1. Bilinguals activate phonological competitors in both languages. If this lexical 93 
activation facilitates visual memory for corresponding objects, then bilinguals will remember 94 
phonological competitors better than objects without phonological overlap. 95 
 96 

Eighty-four Spanish-English bilinguals and 42 English monolinguals first completed a 97 
visual search task while their eye movements were tracked (see Table 1 for participant 98 
demographics). On each trial, an English auditory target (e.g., a clock) was identified from among 99 
four visual objects which included an English within-language competitor (e.g., a clown), a 100 
Spanish between-language competitor (e.g., a nail, clavo in Spanish), or a non-overlapping 101 
control item (e.g., a mirror; Fig 2A). Targets and their respective phonological competitors shared 102 
at least two initial phonemes at onset (also known as cohort competitors). Participants were then 103 
tested on their recognition memory of previously-seen items (Within-language English 104 
Competitors, Between-language Spanish Competitors, Control Items; Fig 2B). The effects of 105 
bilingualism, phonological competition, and eye gaze on item memory were examined with 106 
generalized linear mixed-effects models using recognition memory accuracy as a binomial 107 
outcome variable. Spanish proficiency was used as a measure for bilingualism with participants 108 
being split into three groups: High-Spanish Bilinguals (N = 43), Low-Spanish Bilinguals (N = 109 
41), and English Monolinguals (N = 42). 110 
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 112 
Fig. 2. Participants completed a visual search task and then a recognition memory task. (A) 113 
Examples of visual search trials for each condition. Competition trials (top row) included either 114 
English within-language (e.g., clock-clown) or Spanish between-language (e.g., clock-clavo) 115 
phonological competitors. Competition trials were compared to control trials without 116 
phonological overlap (e.g., clock-mirror), while filler trials masked the experimental manipulation 117 
during the encoding phase. (B) Recognition Memory Task. Memory for each competitor and 118 
control item was assessed by asking participants whether they remembered seeing items 119 
previously (OLD) or not (NEW). 120 
 121 
 122 
Results 123 
Recognition Memory for Visual Items 124 

We examined the effects of Competition Type (Within-language, Between-language, 125 
Controls) and Language Group (High-Spanish bilinguals, Low-Spanish bilinguals, English 126 
monolinguals) on participants’ recognition memory of competitor and control items. 127 

Within-language Competition. Recognition memory for English competitors (M = 28.8%, 128 
SE = 3.3) was significantly greater than for control items (M = 18.5%, SE = 2.3, Estimate = 0.58, 129 
SE = 0.20, p = 0.004; see Supplementary Table S1 for full model output) suggesting that within-130 
language competition during visual search facilitated memory for competing objects. Tukey-131 
adjusted pairwise comparisons showed English competitors were remembered significantly better 132 
than control items by monolinguals (Estimate = -0.64, SE = 0.26, z = -2.47, p = 0.037; see Fig. 3) 133 
and High-Spanish bilinguals (Estimate = -0.73, SE = 0.25, z = -2.96, p = 0.009), but not by Low-134 
Spanish bilinguals (Estimate = -0.38, SE = 0.24, z = -1.62, p = 0.238). Prior work has shown that 135 
visual (e.g., shape, color) or semantic (e.g., category) overlap with targets can facilitate encoding 136 
of competitor items into memory (27, 28).  The observed effect of phonological competition 137 
indicates that spreading activation from visual objects to overlapping linguistic representations 138 
can alter memory even when overlapping features are not present in the display itself. 139 

Between-language Competition. The effect of between-language competition on 140 
recognition memory was influenced by language group and cognitive abilities, as seen in a three-141 
way interaction between Competition Type (Control vs. Between), Language Group 142 
(Monolinguals vs. Bilinguals), and Verbal Working Memory. When controlling for cognitive 143 
abilities, Tukey-adjusted follow-up comparisons revealed that High-Spanish bilinguals 144 
remembered Spanish competitors (M = 31.4%, SE = 4.8) significantly better than control items 145 
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(M = 18.0%, SE = 3.4; Estimate = -0.53, SE = 0.22, z = -2.41, p = 0.042; see Fig. 3). Memory for 146 
Spanish competitors and control items did not differ for bilinguals with low Spanish proficiency 147 
(Estimate = 0.14, SE = 0.21, z = 0.66, p = 0.788) or monolinguals (Estimate = 0.34, SE = 0.23, z = 148 
1.48, p = 0.300), indicating that the effect of between-language competition is contingent on the 149 
activation of Spanish labels rather than a product of confounding visual or semantic features. 150 
Previous findings have demonstrated that bilinguals show greater competition from their first 151 
language upon hearing a second language as compared to competition from a second language 152 
when hearing their first language (6, 7). In the context of our experiment, in which only English 153 
was used, higher levels of Spanish proficiency were likely needed to activate Spanish labels and 154 
promote item encoding. 155 

When exploring the effects of cognitive abilities, we found that higher verbal working 156 
memory predicted a greater between-language competition effect on memory in bilinguals but not 157 
monolinguals. This trend was driven primarily by High-Spanish bilinguals, where the effect of 158 
between-language competition on memory increased as verbal working memory increased 159 
(Estimate = -0.33, SE = 0.14, z = -2.33, p = 0.052). Verbal working memory did not impact the 160 
effect of phonological competition on memory for Monolinguals or Low-Spanish bilinguals (ps > 161 
0.1). Taken together, these results suggest that both high Spanish proficiency and high verbal 162 
working memory promote activation of Spanish labels. 163 
 164 

 165 
Fig. 3. Recognition memory accuracy (%) for competitor and control items. Memory for 166 
within-language English competitors (orange) was better than for control items (grey). Memory 167 
for between-language Spanish competitors (blue) was better than for control items (grey) for 168 
High-Spanish bilinguals. Note: Significance denotes Tukey-adjusted pairwise comparisons while 169 
controlling for Verbal Working Memory and Nonverbal IQ (**p < 0.01, * < 0.05). Error bars 170 
represent the standard error of the mean. 171 
 172 
Eye Movements during Encoding 173 

To further investigate the role of label activation during encoding, we examined whether 174 
competitors were fixated more than controls during the visual search trial. 175 

Within-language Competition. Growth curve analyses (29) revealed that participants 176 
spent more time looking at English competitors than at control items (Estimate = 0.006, SE = 177 
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0.001, t = 6.42, p < 0.001), confirming that within-language competition promoted greater 178 
attention towards competitor items that overlapped with the target in English (Fig. 4A; see 179 
Supplementary Table S2 and Supplementary Results for GCA model output) Monolinguals 180 
showed a greater within-language gaze effect (i.e., more looks to English competitors than 181 
controls) than bilinguals (Estimate = 0.007, SE = 0.002, t = 3.53, p < 0.001). Tukey-adjusted 182 
follow-up comparisons revealed that the effect of English competition was significant for 183 
Monolinguals (Estimate = -0.010, SE = 0.012, z = -5.88, p < 0.001) and High-Spanish bilinguals 184 
(Estimate = -0.004, SE = 0.001, z = -2.80, p = 0.014), and marginal for Low-Spanish bilinguals 185 
(Estimate = -0.003, SE = 0.001, z = -2.22, p = 0.068). 186 

Between-language Competition. High-Spanish bilinguals showed a greater between-187 
language competition effect on fixations than Low-Spanish bilinguals (Estimate = -0.010, SE = 188 
0.002, t = -4.89, p < 0.001). Tukey-adjusted follow up comparisons revealed that High-Spanish 189 
bilinguals spent more time looking at Spanish competitors than control items (Estimate = 0.007, 190 
SE = 0.001, z = -4.61, p < 0.001), suggesting between-language competition from Spanish 191 
promoted greater attention towards Spanish competitors. There were no significant differences in 192 
looks towards Spanish competitors and control items in bilinguals with low Spanish proficiency 193 
or monolinguals (ps > 0.1). These findings support our interpretation that the effect of Spanish 194 
proficiency on memory is likely driven by variable degrees of between-language competition 195 
experienced during the encoding stage. High, but not low proficiency bilinguals showed 196 
phonological competition from Spanish competitors during encoding, which subsequently 197 
enhanced competitor memory at retrieval.  198 

 199 
Effects of Eye Movements on Item Memory 200 

To test whether effects of competition on memory were predicted by visual attention, we 201 
added a measure of relative competitor gaze during encoding to our memory models. As 202 
expected, the enhanced memory of competitor items was partially explained by increased eye 203 
movements to competitors during the visual search task, indicating that greater attention to a 204 
competitor during encoding resulted in better subsequent memory for that item. 205 

Within-language Competition. A two-way interaction revealed that the effect of 206 
Competition Type (Control vs. Within) on recognition memory was moderated by Relative 207 
Competitor Gaze to English competitors (Estimate = 0.20, SE = 0.09, z = 2.23, p = 0.026; see 208 
Supplementary Table S3 for full model output). Tukey-adjusted follow-up comparisons showed 209 
that recognition memory for English competitors increased with more time spent looking at 210 
English competitors (relative to control items; Estimate = 0.17, SE = 0.06, z = 2.76, p = 0.006; 211 
Fig. 4B). In contrast, relative competitor gaze did not predict memory for control items (Estimate 212 
= -0.03, SE = 0.07, z = -0.43, p = 0.665). Therefore, the effect of within-language competition on 213 
memory for English competitors was predicted by the effect of within-language competition on 214 
visual fixations. The effects of Competition Type and Competitor Gaze did not significantly differ 215 
across the three groups (Competition Type x Competitor Gaze x Language Group: 𝜒𝜒2(2) = 1.32, p 216 
= 0.516). 217 

To determine whether the memory advantage for English competitors was contingent on 218 
preferential fixations to the competitor, we examined the effect of Competition Type at the 219 
median Relative Competitor Gaze (-0.15) when competitors were not looked at more than the 220 
controls. A significant effect of Competition Type revealed that even without a competitor gaze 221 
effect, participants still showed better recognition memory for English competitors (M = 26.9, SE 222 
= 3.4) than for control items (M = 17.1, SE = 2.4, Estimate = -0.58, SE = 0.23, z = -2.54, p = 223 
0.011). It is possible that within-language phonological competition may facilitate memory to 224 
some extent without differences in overt fixations (30). Finally, we found a two-way interaction 225 
between Competition Type (Control vs. Within) and Nonverbal IQ (Estimate = 0.25, SE = 0.10, z 226 
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= 2.57, p = 0.010), suggesting that greater Nonverbal IQ predicts a larger recognition memory 227 
effect for English competitors when controlling for eye-movements. 228 

Between-language Competition. A comparable effect of relative competitor gaze was 229 
observed for Spanish competitors, which was moderated by language group. A significant 230 
interaction between Relative Competitor Gaze and the second Language Group contrast (Estimate 231 
= -0.53, SE = 0.23, z = -2.27, p = 0.023; see Supplementary Table S4 for full model output) 232 
indicated that the positive effect of Spanish competitor gaze on competitor memory was 233 
significant for High-Spanish bilinguals (Estimate = -0.42, SE = 0.14, z = -3.07, p = 0.002), but not 234 
for Low-Spanish bilinguals (Estimate = -0.28, SE = 0.17, z = -1.68, p = 0.093) or for English 235 
monolinguals (Estimate = 0.03, SE = 0.18, z = 0.155, p = 0.877; Fig. 4C). The dissociation 236 
between Spanish competitor gaze and memory for the latter groups suggests that spending more 237 
time looking at Spanish competitors is not in itself sufficient to elicit a Spanish competition effect 238 
on memory. Rather, it may be the case that once a Spanish competitor is looked at, the listener’s 239 
level of Spanish proficiency moderates the extent to which it is encoded into memory. 240 
 241 

 242 
Fig. 4. Phonological competitors were looked at more, which predicted subsequent 243 
recognition memory. (A) Timecourse of eye movements towards competitor and control items 244 
during encoding. Monolinguals and bilinguals looked more at English competitors (orange) than 245 
at control items (grey) during the visual search task. High-Spanish bilinguals (but not 246 
monolinguals or Low-Spanish bilinguals) looked more at Spanish between-language competitors 247 
(blue) than at control items (grey). (B and C) Effects of eye gaze on recognition memory 248 
accuracy. (B) Recognition memory for English competitors increased with more time spent 249 
looking at English competitors (relative to control items). (C) High-Spanish bilinguals’ 250 
recognition memory for Spanish competitors increased with more time spent looking at Spanish 251 
competitors (relative to control items), suggesting both attention and high language proficiency 252 
are needed to encode between-language competitors. 253 
 254 
Discussion 255 

The current study was designed with two goals in mind. The first was to investigate how 256 
phonological competition during encoding impacts memory for distractor items in a visual scene. 257 
The second was to understand the role of language experience and dual-language activation on 258 
memory. We found that both English monolinguals and Spanish-English bilinguals remembered 259 
competitor items that overlapped within-language in English (e.g., candle-candy) better than 260 
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control items without overlap (e.g., candle-wing). We also found that, in bilinguals with high 261 
Spanish proficiency, between-language competition from Spanish (e.g., candle-candado) 262 
facilitated recognition memory of competitor items. Higher Spanish-language proficiency likely 263 
lowered the activation threshold of Spanish labels, resulting in greater between-language 264 
competition, which translated to better recognition memory for Spanish competitors. The 265 
enhanced memory for competitor items was partially explained by visual attention to competitors 266 
compared to control items during encoding. Overall, we found that the effects of phonological 267 
competition on memory were influenced by intrinsic characteristics like participants’ language 268 
backgrounds and cognitive abilities, as well as by extrinsic properties like the language of the 269 
experiment and the type of competition (within- vs. between-language). 270 

Our finding that within-language competitors are remembered better than control items is 271 
consistent with research showing that feature overlap with targets during visual search can 272 
facilitate encoding of competitor items into memory. Most previous studies, however, have shown 273 
an effect of visual or semantic competition on memory, manipulating the competitors to resemble 274 
target items in category, shape, or color (27, 28). Our results show that phonological competition 275 
during visual search impacts long-term memory. This adds to the small, but growing body of 276 
evidence that co-activated labels during speech comprehension can have long-term consequences 277 
for higher-order processes like memory (31). 278 

As has been found for semantically- and visually-similar items, our findings suggest that 279 
phonological overlap may promote greater attention towards competitors, facilitating encoding 280 
and subsequent memory. During the visual search task, our participants looked at competitors 281 
more than control items, which then predicted how well competitors were remembered. This is in 282 
line with visual search experiments showing that incidental encoding of distractors is largely 283 
predicted by fixations (26, 27). Eye movements are considered to be a behavioral marker of 284 
attentional deployment, a crucial cognitive process in memory encoding (32). 285 

Our findings suggest that language proficiency plays a key role in how phonological 286 
competition impacts memory. Previous studies have demonstrated that bilinguals show greater 287 
competition from a first language (L1) upon hearing a second language (L2) as compared to 288 
competition from an L2 when hearing an L1 (6, 33). Furthermore, the strength of  L2 activation 289 
while processing an L1 depends heavily on L2 proficiency (34, 35). Similarly, we found that 290 
Spanish-English bilinguals with high Spanish proficiency showed phonological competition from 291 
Spanish competitors during encoding, but those with low Spanish proficiency did not. In the 292 
context of our experiment, in which only English was used, higher levels of Spanish proficiency 293 
were likely needed to activate Spanish labels and promote item encoding. In fact, co-activation of 294 
Spanish competitors during encoding (i.e., fixations) predicted subsequent recognition memory 295 
only in bilinguals with high Spanish proficiency, suggesting that both high language proficiency 296 
and fixations may be necessary to encode between-language competitors. This could explain why 297 
even when Spanish competitors were looked at by participants with low Spanish proficiency (i.e., 298 
English monolinguals and Low-Spanish bilinguals), they were not remembered better than control 299 
items. 300 

Interestingly, we did not find a significant memory effect for English competitors in the 301 
Low-Spanish bilingual group despite having comparable English proficiency to the High-Spanish 302 
bilingual group. One possible explanation stems from the relative language balance of our Low-303 
Spanish bilinguals. Indeed, this group was largely balanced in English and Spanish across 304 
proficiency, exposure, and age of acquisition (see Table 1). Recent evidence suggests that 305 
balanced bilinguals may have increased inhibitory control compared to unbalanced bilinguals due 306 
to more frequent exposure and use of both languages (36, 37). Inhibitory control is a core 307 
executive function which allows the suppression of task-irrelevant information and behaviors. If 308 
our balanced bilingual group had increased inhibitory control, they could have suppressed 309 
distractor items in the visual search task better than other groups, leading to reduced memory for 310 
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competitor items. The current study did not include measures of inhibitory control, limiting our 311 
ability to test this hypothesis. Future work could include objective measures of inhibitory control 312 
to examine the interaction between language experience and executive function on episodic 313 
memory. Our findings suggests that co-activation of phonological competitors drives their 314 
encoding into memory, but this relationship may be modulated by absolute and relative language 315 
proficiency levels and executive function abilities. 316 

Although inhibitory control was not measured in the present study, individual differences 317 
in verbal working memory and nonverbal IQ influenced the relationship between phonological 318 
competition and memory. Recognition memory of between- but not within-language competitors 319 
varied as a function of verbal working memory. In contrast, greater Nonverbal IQ was associated 320 
with a larger within-, but not between-language competition effect. Together, these findings raise 321 
the possibility that between- and within-language competitors may be encoded differently, with 322 
relatively stronger verbal memory traces for between, and visual traces for within. In line with 323 
this hypothesis, Dual Coding Theory posits that both visual and verbal information can 324 
independently contribute to memory, meaning that items in a visual search task could be encoded 325 
visually and verbally (38). The bilingual extension of Dual Coding Theory further proposes that 326 
bilinguals can encode information via two distinct verbal codes, one for each language, providing 327 
an additional linguistic route in relation to monolinguals (39, 40). To the extent that cross-328 
linguistic phonological overlap promotes dual-language coding, memory for Spanish competitors 329 
may have been disproportionately guided by verbal (as opposed to visual) representations. 330 
Moreover, this could explain in part the increased role of verbal working memory and language 331 
proficiency in memory for between-language competitors. Altogether, our findings suggest the 332 
effect of between-language competition on visual item memory may vary due to the interaction of 333 
individual cognitive abilities and memory processes like dual-language encoding. 334 

Our findings contribute to the growing body of evidence demonstrating the interactivity of 335 
linguistic and non-linguistic cognitive function, but we note a number of limitations. One 336 
potential limitation of the present study is that the extent of Spanish activation may have been 337 
amplified by cuing participants into the Spanish nature of the task. As part of the recruitment 338 
process participants were asked to indicate their level of Spanish proficiency, which may have 339 
increased the salience of their Spanish knowledge and lowered their threshold for activating 340 
Spanish labels. To minimize this possibility, all instructions and audio were presented in English 341 
following screening. Furthermore, although evidence suggests that brief exposure to a language 342 
can affect subsequent linguistic activation in experimental tasks (41), we did not find that current 343 
exposure to Spanish predicted memory for competitors (whereas Spanish proficiency did). To 344 
provide a more rigorous test of how the relative levels of activation of participants’ two languages 345 
may moderate the extent of cross-linguistic interaction, future studies may experimentally 346 
manipulate the language environment through the use of blocked vs. mixed-language designs. 347 
Another limitation of our study is that the experimental design precluded us from examining 348 
effects of competition on memory for targets. Although the present study was designed to assess 349 
the effects of language activation on memory for competitors, there is reason to expect that the 350 
activation of within- and between-language competitors could influence memory for their 351 
associated targets. If phonological competition results in greater attention to competitor items, it 352 
follows that attention to target items may be reduced and memory for targets could subsequently 353 
suffer. This would be in line with subliminal priming experiments that have demonstrated that 354 
increasing the activation of a phonological competitor can suppress identification of neighboring 355 
target words (42)(see (43) for a review of facilitative and inhibitory effects of lexical neighbors). 356 
Unfortunately, it was not feasible to assess memory for targets in the current study as each target 357 
item was seen and heard three times, each time with a different competitor or control item, 358 
yielding ceiling effects in recognition memory of target items. Therefore, whether phonological 359 
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competition during visual search impacts memory for target items remains a question for further 360 
research.  361 

Our study examined phonological competition induced by overlapping phonemes at onset, 362 
but overlapping phonology can be experimentally manipulated to influence visual attention in 363 
other ways. Rhyme competitors, for example, elicit weaker and later visual attention than cohort 364 
competitors (44), which may impact memory differently than cohort competitors. Other variables 365 
like proportion of overlap (44), covert overlap (45), and multimodal overlap (46) all influence the 366 
strength and timing of competitor visual attention. Beyond phonology, linguistic variables like 367 
neighborhood density (47), morphology (48), and grammatical gender (49) also impact language 368 
processing, and may have downstream effects on attention and memory. Computational models of 369 
both monolingual (50) and bilingual (51) language processing have begun to incorporate this 370 
interactive complexity. Multilink, for example, considers the language, orthography, phonology, 371 
and semantics of a word to make predictions on several psycholinguistic tasks (e.g., lexical 372 
decision, word naming, translation). With the increasing capabilities of computational modeling, 373 
future models could make predictions of visual attention during speech processing, as well as its 374 
effects on memory. 375 

Our study provides evidence of significant interactivity in the cognitive system, not only 376 
across different languages, but also across domains of cognitive function. In contrast to the 377 
modular view that language and memory operate independently of each other (52, 53), our 378 
findings reveal that co-activating linguistic labels when processing speech directly alters how 379 
monolinguals and bilinguals encode visual memories. Extending prior work demonstrating that 380 
language experience can alter perceptual processes (consistent with the linguistic relativity 381 
hypothesis that language shapes perception and thought; (54)), we show that language experience 382 
influences not only how people see their current environment, but also what they remember long 383 
term. This may partially explain why the same event can be remembered differently by different 384 
people, and illustrates how the diversity of experiences in the world can shape higher order 385 
cognitive outcomes. 386 

These results have potential implications for legal, educational, and clinical practices with 387 
linguistically-diverse communities. Eye-witness memory, for example, has been shown to be 388 
subject to language effects in bilinguals (55), but the role of object names in a scene has not been 389 
explored. In clinical populations with memory loss, it may be possible to leverage the effects of 390 
phonological competition to develop strategies for improving memory, such as grouping similar 391 
sounding objects together to facilitate later retrieval. Similarly, overlapping phonology could be 392 
used to inform strategies for learning foreign languages. Our results show that language and 393 
memory are intertwined, and suggest that it may be possible to capitalize on language to address 394 
everyday challenges in other cognitive domains. 395 
 396 
Materials and Methods 397 
Participants 398 

Participants were recruited online through the Prolific platform (prolific.co) and 399 
completed the experiment through the Pavlovia (pavlovia.org) and Qualtrics (qualtrics.com) 400 
platforms. Inclusionary criteria for monolinguals consisted of self-reported monolingual status 401 
and no experience with Spanish. Criteria for bilinguals included self-reported bilingual status and 402 
experience with both Spanish and English. All participants reported having normal hearing and no 403 
language related disorders. Audio checks (e.g., typing correct audio to proceed) were done to 404 
ensure participants could hear stimuli clearly. Eleven participants (3 monolinguals, 3 Low-405 
Spanish bilinguals, 5 High-Spanish bilinguals) were excluded from analyses due to technical 406 
problems or for scores on post-experiment cognitive tests (nonverbal IQ, verbal working memory) 407 
and vocabulary assessments (LexTALE, LexTale-Esp) that fell two or more standard deviations 408 
below the mean. Eighty-four Spanish-English bilinguals (mean age = 29.3 years; 42 men) and 42 409 
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English monolinguals (mean age = 30.0 years; 19 men) were included in the final analysis (Table 410 
1). During the experiment, participants completed a nonverbal IQ test (WASI matrix reasoning) 411 
(56) in between experimental tasks. After the experiment, all participants completed the 412 
Language Experience and Proficiency Questionnaire (59), an English vocabulary test 413 
(LexTALE)(58), and a verbal working memory test (digit span subtest of the Comprehensive Test 414 
of Phonological Processing) (59). Bilingual participants additionally completed a Spanish 415 
vocabulary test (Lextale-Esp) (60). Relative to bilinguals, monolinguals reported an earlier age of 416 
acquisition (AoA) for English, higher self-rated English proficiency, and scored higher in English 417 
proficiency. For analyses, Spanish proficiency (LexTale-Esp) was used as a measure of 418 
bilingualism: first as a continuous variable, and then as a categorical variable with three levels 419 
(High-Spanish Bilinguals, Low-Spanish Bilinguals, English Monolinguals). Bilingual participants 420 
were designated as being part of either the Low or High Spanish Proficiency group based on their 421 
LexTale-Esp scores. Compared to Low-Spanish bilinguals, High-Spanish bilinguals had an earlier 422 
AoA in Spanish and later AoA in English, more current exposure to Spanish and less current 423 
exposure to English, and higher Spanish proficiency. Monolinguals scored higher in verbal 424 
working memory than bilinguals, likely due to the task being in English. There were no 425 
significant group differences in Nonverbal IQ. 426 

Experiment procedures were approved by the institutional review board of Northwestern 427 
University. Informed consent was obtained from all participants. 428 

 429 
Table 1. Participant demographics. 430 

Measure 
High-Spanish 
bilinguals 

Low-Spanish 
bilinguals 

English 
Monolinguals 

High vs. Low 
Bilinguals 

Bilingual vs. 
Monolingual 

N 43 41 42   

Age 29.6 (5.4) 28.9 (6.9) 30.0 (8.8)   

English AoA 
(LEAP-Q) 7.3 (4.5) 5.1 (4.6) 0.7 (0.7) * *** 

Spanish AoA 
(LEAP-Q) 1.1 (1.1) 4.7 (6.3) - *** *** 

English Exposure % 
(LEAP-Q) 23.3 (19.7) 43.8 (27.0) 99.7 (1.0) *** *** 

Spanish Exposure % 
(LEAP-Q) 71.6 (24.2) 53.0 (28.9) - ** *** 

English Proficiency 
(LexTALE) 81.5 (10.3) 82.0 (11.6) 94.1 (6.8)  *** 

Spanish Proficiency 
(LexTALE-Esp) 95.2 (3.1) 75.5 (11.2) - *** *** 

Nonverbal IQ 
(Matrix Reasoning; WASI) 26.0 (3.0) 25.2 (2.8) 25.8 (3.1)   

Verbal Working Memory 
(Digit Span; CTOPP) 14.2 (3.2) 15.1 (2.6) 17.3 (2.4)  *** 

Note: Values represent means with standard deviations in parentheses. The last two columns show 431 
t-test comparisons between the two bilingual groups and between bilinguals and monolinguals. 432 
***p < 0.001; **p < 0.01; *p < 0.05. 433 
 434 
Design 435 
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We conducted an a priori power analysis for a linear multiple regression random model using 436 
G*Power 3.1 (61). With an assumed power of 0.8, alpha level of 0.05, and H1 p2 of 0.14 (based 437 
on (31) and pilot data), the recommended total sample size to obtain a similar effect was 80. To 438 
account for variability in language experience among bilinguals, we doubled the size of the 439 
bilingual group. The study followed a 3 x 3 mixed design with Language Group (High-Spanish 440 
Bilingual, Low-Spanish Bilingual, English Monolingual) as a between-subject variable and 441 
Phonological Competition Type (within-language, between-language, none) as a within-subject 442 
variable. During the encoding phase, participants completed a series of visual search trials in 443 
which they had to identify an English auditory target from a four-item search display. Memory for 444 
critical items (targets, competitors, controls) was later assessed using a surprise recognition test. 445 

Fifteen critical sets were constructed for the four-item search displays in the encoding 446 
phase (see Supplementary Table S5). Each display included a target item (e.g., candle), one of 447 
three possible critical items (competitors and controls), and two unrelated filler items. Critical 448 
items overlapped phonologically with the English target item either in English (e.g., candle-449 
candy), in Spanish (e.g., candle-candado), or did not overlap in either language (e.g., candle-450 
wing). During critical search trials, participants saw each set three times: once with the within-451 
language English competitor, once with the between-language Spanish competitor, and once with 452 
the control (no competition) item (see Fig. 2). Throughout the encoding phase, participants 453 
completed 45 critical trials (15 sets x 3 conditions) and 45 filler trials with no competition for a 454 
total of 90 encoding trials. 455 
 456 
Materials 457 

For every critical set, the English target and phonological competitor shared at least two 458 
phonemes at onset (known as cohort competitors). Cohort competitors were chosen over rhyme 459 
competitors for two reasons. First, cohort competitors have been shown to elicit stronger 460 
competition than rhyme competitors (44). Second, cohort competitors are more common across 461 
languages than rhyme competitors, which permitted more stringent matching across sets on 462 
phonological and lexical characteristics. Phonemic overlap with the English target was matched 463 
between the within-language (English Competitor) and between-language (Spanish Competitor) 464 
competitor conditions (onset target-competitor overlap of 2.3 and 2.1 phonemes, respectively; 465 
paired p > 0.05). Competitor and control items in critical trials were matched on English 466 
(SUBTLEXUS) (62) and Spanish (SUBTLEX-ESP) (63) frequency, phonological and 467 
orthographic neighborhood size (CLEARPOND) (64), concreteness, familiarity, and imageability 468 
(MRC Psycholinguistic Database, Glasgow Norms) (65–67). Items within a set were controlled 469 
for semantic and physical similarity to avoid confounding factors during encoding.  470 

Items were depicted visually by black and white drawings from the International Picture 471 
Naming Project (IPNP) database (68) or Google Images. Pictures from Google Images were 472 
normed independently for name reliability by English monolinguals and Spanish-English 473 
bilinguals online (Amazon Mechanical Turk, www.mturk.com; Prolific). Name reliability for all 474 
items used in the experiment was 94% (SD = 7.7) in English and 92% (SD = 9.6) in Spanish. 475 
English target words were recorded on Praat (69) at 44.1 Hz on a MacBook Pro by a bilingual 476 
Mexican-American female speaker with no detectable non-native accent in either Spanish or 477 
English. 478 
 479 
Procedure 480 

Visual Search Task. Participants first completed a visual search encoding task, during 481 
which their eye movements were remotely tracked using the webcam-based library WebGazer.js 482 
(70) modified for online use in PsychoPy (71). Following instructions for the visual search task, 483 
participants started with three practice trials before completing the 90 experimental trials. Each 484 
trial began with a fixation cross that participants clicked on to center their mouse and gaze. After 485 
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clicking, participants saw a four-picture visual display and heard an English auditory target 500 486 
ms after the visual display onset. Participants were instructed to click on the correct target as 487 
quickly as possible. The location of all items was pseudo-randomized, with critical items 488 
(competitors and controls) always appearing adjacent to the target item. Upon clicking, a black 489 
border appeared around the selected item. The visual display remained on screen for 5000 ms 490 
regardless of when the response was made to ensure equal encoding time across trials and 491 
participants. Participants were not informed that their memory for the visual items would be 492 
tested following the search task. Between encoding and retrieval, participants completed the 493 
matrix reasoning subtest of the WASI (56). The subtest served the dual purpose of being a 494 
measure for nonverbal IQ, as well as a non-linguistic distractor task to prevent primacy and 495 
recency effects during retrieval. 496 

Recognition Memory Task. After the encoding phase and the distractor task, participants 497 
were shown 135 items in a random order and asked to indicate whether they had seen each one 498 
previously. The items included the 45 critical items (15 English competitors, 15 Spanish 499 
competitors, and 15 controls) and 30 target items (15 targets from critical trials and 15 targets 500 
from filler trials) seen during encoding, as well as 60 unseen “foil” items. Each recognition trial 501 
began with the participant clicking a fixation cross in the center of the screen, after which an item 502 
would immediately appear. Participants were instructed to click on a box labeled “OLD” if they 503 
recognized the item from the encoding phase and on a box labeled “NEW” if they did not. After 504 
the experimental tasks, participants completed a Qualtrics survey that included a linguistic 505 
background questionnaire, language vocabulary tests, and a verbal working memory test. All 506 
participants named the critical competitor items in English and bilinguals named competitor items 507 
in English and Spanish. Trials for which participants did not provide the correct competitor label 508 
were removed from analyses (4.1%). There was no significant effect of Language Group for false 509 
alarm recognition of unseen items (F(2, 123) = 1.191, p = 0.307), suggesting no response bias 510 
between groups. 511 

 512 
Statistical Analysis 513 

To determine the effects of bilingualism and phonological competition on item memory, 514 
we conducted three sets of analyses looking at gaze, memory, and the effect of gaze on memory. 515 
We analyzed gaze using participants’ eye movements to competitor and control items during the 516 
visual search task (i.e., encoding phase). Memory was analyzed using participants’ recognition 517 
accuracy for those critical items. Finally, we explored the relationship between eye movements 518 
during encoding and subsequent item memory.  519 

Eye movements to each picture in the display were recorded for each millisecond of 520 
critical trials (0 – 5000ms). In preparation for growth curve analyses (29), fixations at each time 521 
point were aggregated across trials into 100ms bins. The proportion of time spent looking at 522 
competitors and controls was first examined with linear mixed-effects models using the R lmer 523 
function from the lme4 package (72). Competition Type was coded as a categorical predictor 524 
variable with three levels (Within-language English Competitors, Between-language Spanish 525 
Competitors, Control Items) and simple coded to create two contrasts: Controls vs. Within-526 
language competitors and Controls vs. Between-language competitors.  527 

We ran a series of models including fixed effects of Competition Type and continuous 528 
measures of language experience (self-rated and objective proficiency, exposure, and ages of 529 
acquisition in English and Spanish) to identify the most relevant individual difference measures of 530 
bilingualism. Model summaries and comparisons of (AIC) model fit revealed that a continuous 531 
measure of Spanish Proficiency was the most predictive language experience measure of eye 532 
movements during encoding. Spanish Proficiency was calculated by mean centering LexTale-Esp 533 
scores, with English monolinguals receiving a score of 0 before mean-centering. Significant 534 
interactions with the continuous measure of Spanish Proficiency (see Supplementary Table S6 535 
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and Fig. S1) were subsequently examined in greater detail using GCA and a categorical variable 536 
of Language Group (English monolinguals, Low-Spanish bilinguals, and High-Spanish 537 
bilinguals). Bilingual participants with LexTale-Esp scores below 90 (one standard deviation 538 
below the mean of Spanish L1 speakers in the original validation study (60) and the median in the 539 
present sample) were classified as Low Spanish proficiency bilinguals, while those who scored 90 540 
or above were classified as High Spanish proficiency bilinguals. Language Group was Helmert 541 
coded to create two contrasts: 1. Monolinguals (+0.67) vs. High-Spanish bilinguals and Low-542 
Spanish bilinguals (-0.33) and 2. High-Spanish bilinguals (-0.5) vs. Low-Spanish bilinguals 543 
(+0.5). Cognitive measures of mean-centered Nonverbal IQ (NVIQ; matrix reasoning subtest) and 544 
Verbal Working Memory (VWM; digit span subtest), along with their two- and three-way 545 
interactions with Competition Type and Language Group were included in all models as 546 
covariates. Models of competitor fixations included a random intercept by participant. 547 

We examined the effects of bilingualism and phonological competition on item memory 548 
with generalized linear mixed-effects models using the R glmer function from the lme4 package 549 
(72). Recognition memory accuracy for critical distractor items (i.e., competitors and controls) 550 
was coded as binomial outcome variable (0 = incorrect, 1 = correct). The recognition memory 551 
model included fixed effects of Competition Type, Language Group, and their interactions with 552 
Verbal Working Memory and Nonverbal IQ, as well as the maximal random effects structure 553 
justified by the design (73), with random intercepts for participants and stimulus set, and a by-554 
participant random slope for Competition Type and by-set slopes for Competition Type and 555 
Language Group. 556 

We examined the role of eye movements in item memory by adding a measure of 557 
competitor fixations during encoding as a fixed effect in the memory models. Relative Competitor 558 
Gaze was calculated as the scaled proportion of fixations to either the English or Spanish 559 
competitor minus fixations to their respective control item for each set. As measures of relative 560 
English and Spanish competitor gaze were inherently correlated with each other (due to 561 
comparisons to the same control item within a given set), two separate models were constructed 562 
to examine the effects of gaze on memory for (1) English within-language and (2) Spanish 563 
between-language competitors. Final models therefore included fixed effects of Competition 564 
Type, Language Group, within- or between-language Relative Competitor Gaze, Verbal Working 565 
Memory, Nonverbal IQ, and all two- and three-way interactions. Random effects included 566 
random intercepts for participants and stimulus set, a by-participant random slope for Competition 567 
Type and by-set slopes for Competition Type and Language Group. 568 
 569 
 570 
 571 
 572 
References: 573 
1.  P. D. Allopenna, J. S. Magnuson, M. K. Tanenhaus, Tracking the time course of spoken 574 

word recognition using eye movements: Evidence for continuous mapping models. Journal 575 
of Memory and Language. 38, 419–439 (1998). 576 

2.  M. K. Tanenhaus, J. S. Magnuson, D. Dahan, C. Chambers, Eye movements and lexical 577 
access in spoken-language comprehension: Evaluating a linking hypothesis between 578 
fixations and linguistic processing. Journal of Psycholinguistic Research. 29, 557–580 579 
(2000). 580 

3.  K. Y. Chan, M. S. Vitevitch, The influence of the phonological neighborhood clustering-581 
coefficient on spoken word recognition. J Exp Psychol Hum Percept Perform. 35, 1934–582 
1949 (2009). 583 

In 
Pres

s



Science Advances                                               Manuscript Template                                                                           Page 15 of 30 
 

4.  M. S. Vitevitch, P. A. Luce, Phonological neighborhood effects in spoken word perception 584 
and production. Annu. Rev. Linguist. 2, 75–94 (2016). 585 

5.  T. Dijkstra, J. Grainger, W. J. B. van Heuven, Recognition of cognates and interlingual 586 
homographs: The neglected role of phonology. Journal of Memory and Language. 41, 496–587 
518 (1999). 588 

6.  V. Marian, M. Spivey, Competing activation in bilingual language processing: Within- and 589 
between-language competition. Bilingualism: Language and Cognition. 6, 97–115 (2003). 590 

7.  E. Canseco-Gonzalez, L. Brehm, C. A. Brick, S. Brown-Schmidt, K. Fischer, K. Wagner, 591 
Carpet or cárcel: The effect of age of acquisition and language mode on bilingual lexical 592 
access. Language and Cognitive Processes. 25, 669–705 (2010). 593 

8.  A. Shook, V. Marian, Covert co-activation of bilinguals’ non-target language. Linguistic 594 
Approaches to Bilingualism. 9, 228–252 (2019). 595 

9.  V. Marian, S. Hayakawa, S. R. Schroeder, Memory after visual search: Overlapping 596 
phonology, shared meaning, and bilingual experience influence what we remember. Brain 597 
and Language. 222, 105012 (2021). 598 

10.  K. M. Eberhard, M. J. Spivey-Knowlton, J. C. Sedivy, M. K. Tanenhaus, Eye movements as 599 
a window into real-time spoken language comprehension in natural contexts. J 600 
Psycholinguist Res. 24, 409–436 (1995). 601 

11.  M. K. Tanenhaus, M. J. Spivey-Knowlton, K. M. Eberhard, J. C. Sedivy, Integration of 602 
visual and linguistic information in spoken language comprehension. Science. 268, 1632–603 
1634 (1995). 604 

12.  K. S. Apfelbaum, J. Klein-Packard, B. McMurray, The pictures who shall not be named: 605 
Empirical support for benefits of preview in the Visual World Paradigm. Journal of Memory 606 
and Language. 121, 104279 (2021). 607 

13.  H. Blumenfeld, V. Marian, Constraints on parallel activation in bilingual spoken language 608 
processing: Examining proficiency and lexical status using eye-tracking. Language and 609 
Cognitive Processes. 22, 633–660 (2007). 610 

14.  J. Klaus, K. Lemhöfer, H. Schriefers, The second language interferes with picture naming in 611 
the first language: evidence for L2 activation during L1 production. Language, Cognition 612 
and Neuroscience. 33, 867–877 (2018). 613 

15.  B. Lee, G. Meade, K. J. Midgley, P. J. Holcomb, K. Emmorey, ERP evidence for co-614 
activation of English words during recognition of American Sign Language signs. Brain 615 
Sciences. 9, 148 (2019). 616 

16.  A. Shook, V. Marian, Bimodal bilinguals co-activate both languages during spoken 617 
comprehension. Cognition. 124, 314–324 (2012). 618 

17.  V. Marian, M. Spivey, J. Hirsch, Shared and separate systems in bilingual language 619 
processing: Converging evidence from eyetracking and brain imaging. Brain and Language. 620 
86, 70–82 (2003). 621 

In 
Pres

s



Science Advances                                               Manuscript Template                                                                           Page 16 of 30 
 

18.  S. Chabal, V. Marian, Speakers of different languages process the visual world differently. 622 
Journal of Experimental Psychology: General. 144, 539–550 (2015). 623 

19.  S. Chabal, S. Hayakawa, V. Marian, Language is activated by visual input regardless of 624 
memory demands or capacity. Cognition. 222, 104994 (2022). 625 

20.  S. Hayakawa, A. Costa, A. Foucart, B. Keysar, Using a foreign language changes our 626 
choices. Trends in Cognitive Sciences. 20, 791–793 (2016). 627 

21.  M. Leikin, E. Tovli, A. Woldo, The interplay of bilingualism, executive functions and 628 
creativity in problem solving among male university students. Creativity Studies. 13, 308–629 
324 (2020). 630 

22.  S. R. Schroeder, V. Marian, "Bilingual episodic memory: How speaking two languages 631 
influences remembering" in Foundations of Bilingual Memory (2014), pp. 1–297. 632 

23.  V. Marian, The Power of Language: How the Codes We Use to Think, Speak, and Live 633 
Transform our Minds (Dutton, New York, NY, 2023). 634 

24.  C. López-Rojas, E. Rossi, A. Marful, M. T. Bajo, Prospective memory in bilinguals and 635 
monolinguals: ERP and behavioural correlates of prospective processing in bilinguals. Brain 636 
and Language. 225, 105059 (2022). 637 

25.  M. Lavelle, D. Alonso, R. Luria, T. Drew, Visual working memory load plays limited, to no 638 
role in encoding distractor objects during visual search. Visual Cognition. 29, 288–309 639 
(2021). 640 

26.  C. C. Williams, Not all visual memories are created equal. Visual Cognition. 18, 201–228 641 
(2010). 642 

27.  C. C. Williams, J. M. Henderson, R. T. Zacks, Incidental visual memory for targets and 643 
distractors in visual search. Perception and Psychophysics. 67, 816–827 (2005). 644 

28.  E. Sasin, D. Fougnie, The road to long-term memory: Top-down attention is more effective 645 
than bottom-up attention for forming long-term memories. Psychonomic Bulletin and 646 
Review. 28, 937–945 (2021). 647 

29.  D. Mirman, J. A. Dixon, J. S. Magnuson, Statistical and computational models of the visual 648 
world paradigm: Growth curves and individual differences. Journal of Memory and 649 
Language (2008). 650 

30.  E. Stupina, A. Myachykov, Y. Shtyrov, Automatic lexical access in visual modality: Eye-651 
tracking evidence. Frontiers in Psychology. 9, 1–10 (2018). 652 

31.  V. Marian, S. Hayakawa, S. R. Schroeder, Memory after visual search: Overlapping 653 
phonology, shared meaning, and bilingual experience influence what we remember. Brain 654 
and Language. 222, 105012 (2021). 655 

32.  C. C. Williams, "Looking for your keys: The interaction of attention, memory, and eye 656 
movements in visual search" in Gazing Toward the Future: Advances in Eye Movement 657 
Theory and Applications, K. D. Federmeier, E. R. Schotter, Eds. (Academic, Cambridge, 658 
MA, 2020), pp. 195–229. 659 

In 
Pres

s



Science Advances                                               Manuscript Template                                                                           Page 17 of 30 
 

33.  R. K. Mishra, N. Singh, The influence of second language proficiency on bilingual parallel 660 
language activation in Hindi–English bilinguals. Journal of Cognitive Psychology. 28, 396–661 
411 (2016). 662 

34.  J. G. van Hell, D. Tanner, Second language proficiency and cross-language lexical 663 
activation. Language Learning. 62, 148–171 (2012). 664 

35.  R. Berghoff, J. McLoughlin, E. Bylund, L1 activation during L2 processing is modulated by 665 
both age of acquisition and proficiency. Journal of Neurolinguistics. 58, 100979 (2021). 666 

36.  W. Q. Yow, X. Li, Balanced bilingualism and early age of second language acquisition as 667 
the underlying mechanisms of a bilingual executive control advantage: why variations in 668 
bilingual experiences matter. Frontiers in Psychology. 6, 164 (2015). 669 

37.  M. Rosselli, A. Ardila, L. N. Lalwani, I. Vélez-Uribe, The effect of language proficiency on 670 
executive functions in balanced and unbalanced Spanish–English bilinguals*. Bilingualism: 671 
Language and Cognition. 19, 489–503 (2016). 672 

38.  A. Paivio, Dual coding theory: Retrospect and current status. Canadian Journal of 673 
Psychology. 45 255-287 (1991). 674 

39.  D. Jared, R. Pei Yun Poh, A. Paivio, L1 and L2 picture naming in Mandarin-English 675 
bilinguals: A test of Bilingual Dual Coding Theory. Bilingualism. 16, 383–396 (2013). 676 

40.  A. Paivio, "Bilingual Dual Coding Theory and Memory" in Foundations of Bilingual 677 
Memory, R. R. Heredia, J. Altarriba, Eds. (2014), pp. 41–62. 678 

41.  T. Degani, H. Kreiner, H. Ataria, F. Khateeb, The impact of brief exposure to the second 679 
language on native language production: Global or item specific? Applied Psycholinguistics. 680 
41, 153–183 (2020). 681 

42.  S. D. Goldinger, P. A. Luce, D. B. Pisoni, Priming lexical neighbors of spoken words: 682 
Effects of competition and inhibition. J Mem Lang. 28, 501–518 (1989). 683 

43.  Q. Chen, D. Mirman, Competition and cooperation among similar representations: toward a 684 
unified account of facilitative and inhibitory effects of lexical neighbors. Psychol Rev. 119, 685 
417–430 (2012). 686 

44.  E. S. Simmons, J. S. Magnuson, Word length, proportion of overlap, and phonological 687 
competition in spoken word recognition, paper presented at the 40th Annual Conference of 688 
the Cognitive Science Society Meeting, Madison, WI, 25-27 July 2018. 689 

45.  A. Shook, V. Marian, Covert co-activation of bilinguals’ non-target language. Linguistic 690 
Approaches to Bilingualism. 9, 228–252 (2019). 691 

46.  S. Villameriel, B. Costello, M. Giezen, M. Carreiras, Cross-modal and cross-language 692 
activation in bilinguals reveals lexical competition even when words or signs are unheard or 693 
unseen. Proceedings of the National Academy of Sciences. 119, e2203906119 (2022). 694 

47.  V. Marian, H. K. Blumenfeld, O. V. Boukrina, Sensitivity to phonological similarity within 695 
and across languages. Journal of Psycholinguistic Research. 37, 141–170 (2008). 696 

In 
Pres

s



Science Advances                                               Manuscript Template                                                                           Page 18 of 30 
 

48.  E. M. Durand-López, L2 within-language morphological competition during spoken word 697 
recognition. Language Acquisition. 29, 165–181 (2022). 698 

49.  A. R. Sá-Leite, I. Fraga, M. Comesaña, Grammatical gender processing in bilinguals: An 699 
analytic review. Psychon Bull Rev. 26, 1148–1173 (2019). 700 

50.  J. S. Magnuson, H. You, S. Luthra, M. Li, H. Nam, M. Escab, K. Brown, P. D. Allopenna, 701 
R. M. Theodore, N. Monto, J. G. Rueckl, EARSHOT: A minimal neural network model of 702 
incremental human speech recognition. Cognitive Science. 44, 12823 (2020). 703 

51.  T. Dijkstra, A. Wahl, F. Buytenhuijs, N. Van Halem, Z. Al-Jibouri, M. De Korte, S. Rekké, 704 
Multilink: A computational model for bilingual word recognition and word translation. 705 
Bilingualism. 22, 657–679 (2019). 706 

52.  J. A. Fodor, The Modularity of Mind: An Essay on Faculty Psychology (MIT Press, 707 
Cambridge, Mass, 1983). 708 

53.  P. Carruthers, "The case for massively modular models of mind" in Contemporary Debates 709 
in Cognitive Science, Stainton, J. Robert, Ed. (Blackwell, Malden, 2006), pp. 3–21. 710 

54.  G. Lupyan, R. Abdel Rahman, L. Boroditsky, A. Clark, Effects of language on visual 711 
perception. Trends in Cognitive Sciences. 24, 930–944 (2020). 712 

55.  D. P. Calvillo, N. V. Mills, Bilingual witnesses are more susceptible to the misinformation 713 
effect in their less proficient language. Current Psychology. 39, 673–680 (2020). 714 

56.  PsychCorp, Wechsler abbreviated scale of intelligence (WASI) (Harcourt Assessment, 1999). 715 

57.  V. Marian, H. Blumenfeld, M. Kaushanskaya, The Language Experience and Proficiency 716 
Questionnaire (LEAP-Q): Assessing language profiles in bilinguals and multilinguals. 717 
Hearing Research. 50, 940–967 (2007). 718 

58.  K. Lemhöfer, M. Broersma, Introducing LexTALE: A quick and valid Lexical Test for 719 
Advanced Learners of English. Behavior Research Methods. 44, 325–343 (2012). 720 

59.  R. K. Wagner, J. K. Torgesen, C. A. Rashotte, N. A. Pearson, Comprehensive test of 721 
phonological processing: CTOPP (Pro-ed Austin, TX, 1999). 722 

60.  C. Izura, F. Cuetos, M. Brysbaert, Lextale-Esp: A test to rapidly and efficiently assess the 723 
Spanish vocabulary size. Psicológica. 35, 49–66 (2014). 724 

61.  F. Faul, E. Erdfelder, A. Buchner, A.-G. Lang, Statistical power analyses using G*Power 725 
3.1: Tests for correlation and regression analyses. Behavior Research Methods. 41, 1149–726 
1160 (2009). 727 

62.  M. Brysbaert, B. New, Moving beyond Kučera and Francis: A critical evaluation of current 728 
word frequency norms and the introduction of a new and improved word frequency measure 729 
for American English. Behavior Research Methods. 41, 977–990 (2009). 730 

63.  F. Cuetos, M. Glez-Nosti, A. Barbón, M. Brysbaert, SUBTLEX-ESP: Spanish word 731 
frequencies based on film subtitles. Psicologica. 32, 133–143 (2011). 732 

In 
Pres

s



Science Advances                                               Manuscript Template                                                                           Page 19 of 30 
 

64.  V. Marian, J. Bartolotti, S. Chabal, A. Shook, CLEARPOND: Cross-Linguistic Easy-Access 733 
Resource for Phonological and Orthographic Neighborhood Densities. PLoS ONE. 7, 734 
e43230 (2012). 735 

65.  M. Guasch, P. Ferré, I. Fraga, Spanish norms for affective and lexico-semantic variables for 736 
1,400 words. Behavior Research Methods. 48, 1358–1369 (2016). 737 

66.  M. Coltheart, The MRC Psycholinguistic Database. The Quarterly Journal of Experimental 738 
Psychology. 33, 497–505 (1981). 739 

67.  G. G. Scott, A. Keitel, M. Becirspahic, B. Yao, S. C. Sereno, The Glasgow Norms: Ratings 740 
of 5,500 words on nine scales. Behavior Research Methods. 51, 1258–1270 (2019). 741 

68.  E. Bates, E. Andonova, S. D’Amico, T. Jacobsen, K. Kohnert, C. C. Lu, Introducing the 742 
CRL International Picture-naming Project (CRL-IPNP). CRL Newsletter. 12, 1–14 (2000). 743 

69.  P. Boersma, D. Weenink, Praat: doing phonetics by computer, version 6.0.30 (2021); 744 
http://www.praat.org. 745 

70.  A. Papoutsaki, "Scalable Webcam Eye Tracking by Learning from User Interactions" in 746 
Proceedings of the 33rd Annual ACM Conference Extended Abstracts on Human Factors in 747 
Computing Systems (Computing Machinery, New York, NY, 2015), pp. 219–222. 748 

71.  J. Peirce, J. R. Gray, S. Simpson, M. MacAskill, R. Höchenberger, H. Sogo, E. Kastman, J. 749 
K. Lindeløv, PsychoPy2: Experiments in behavior made easy. Behavior Research Methods. 750 
51, 195–203 (2019). 751 

72.  D. Bates, M. Mächler, B. M. Bolker, S. C. Walker, Fitting linear mixed-effects models using 752 
lme4. Journal of Statistical Software. 67 (2015). 753 

73.  D. J. Barr, R. Levy, C. Scheepers, H. J. Tily, Random effects structure for confirmatory 754 
hypothesis testing: Keep it maximal. Journal of Memory and Language. 68, 255–278 755 
(2013). 756 

 757 
 758 
Acknowledgments: We thank the participants of this study and the members of the Bilingualism 759 
and Psycholinguistics Research Group for their invaluable feedback. 760 
 761 
Funding: This work was supported by the Eunice Kennedy Shriver National Institute of Child 762 

Health & Human Development of the National Institutes of Health grant R01HD059858 763 
to VM. 764 

 765 
Author contributions:  766 
Conceptualization: MFD, VM 767 
Data Curation: MFD 768 
Formal Analysis: MFD, SH 769 
Funding acquisition: VM 770 
Investigation: MFD 771 
Visualization: MFD 772 
Project administration: MFD, VM 773 
Supervision: VM, SH 774 

In 
Pres

s



Science Advances                                               Manuscript Template                                                                           Page 20 of 30 
 

Writing: MFD, SH, VM 775 
 776 
Competing interests: The authors declare they have no competing interests. 777 
 778 
Data and Materials Availability: All data are available in the main text, supplementary 779 
materials, and the online Dryad repository (https://doi.org/10.5061/dryad.q83bk3jpd). 780 
 781 
Supplementary Materials 782 
Supplementary Results 783 
Fig. S1 784 
Tables S1 to S6 785 
 786 
 787 
 788 
 789 
 790 
 791 
 792 
 793 
 794 
 795 
 796 
 797 
 798 
 799 
 800 
 801 
 802 
 803 
 804 
 805 
 806 
 807 
 808 
 809 
 810 
 811 
 812 
 813 
 814 
 815 
 816 
 817 
 818 
 819 

 820 
 821 

In 
Pres

s

https://doi.org/10.5061/dryad.q83bk3jpd


Science Advances                                               Manuscript Template                                                                           Page 21 of 30 
 

 822 
 823 

 824 

Supplementary Materials for 825 
 826 

Speakers of Different Languages Remember Visual Scenes Differently 827 
 828 

Matias Fernandez-Duque et al. 829 
 830 

*Corresponding author. Email: matiasfduque2024@u.northwestern.edu 831 
 832 
 833 
 834 

 835 
 836 
This PDF file includes: 837 
 838 

Supplementary Results 839 
Fig. S1 840 
Tables S1, S3, S4, S5 and S6 841 

 842 
Other Supplementary Materials for this manuscript include the following:  843 
 Table S2 844 
 845 
 846 
 847 
 848 
 849 
 850 
 851 
 852 
 853 
 854 
 855 
 856 
 857 
 858 
 859 
 860 
 861 
 862 
 863 
 864 
 865 
 866 
 867 

In 
Pres

s

mailto:matiasfduque2024@u.northwestern.edu


Science Advances                                               Manuscript Template                                                                           Page 22 of 30 
 

Supplementary Results 868 
Eye Movements During Encoding 869 

Model comparisons between full and depleted models (dropping each fixed effect and 870 
interactions) showed a significant effect of Competition Type (Likelihood Ratio Test, 𝜒𝜒2(1) = 871 
48.12, p < 0.001; see Table S6 below for full model output), indicating that fixations differed 872 
between competitors and control items. Additionally, Competition Type had significant 873 
interactions with Spanish Proficiency (𝜒𝜒2(2) = 20.65, p < 0.001), Verbal Working Memory (𝜒𝜒2(2) 874 
= 14.32, p < 0.001), and Nonverbal IQ (𝜒𝜒2(2) = 23.20, p < 0.001), showing that the effect of 875 
phonological competition on eye movements varied by participants’ bilingual experience as well 876 
as their cognitive abilities. Specifically, the effect of within-language competition on fixations 877 
decreased with greater Spanish proficiency as seen by an interaction between the first 878 
Competition Type contrast (Control vs. Within) and Spanish Proficiency (p = 0.007; Fig. S1). In 879 
comparison, the effect of between-language competition on fixations marginally increased with 880 
greater Spanish proficiency as seen by a marginally significant interaction between the second 881 
Competition Type contrast (Control vs. Between) and Spanish Proficiency (p = 0.073). Finally, 882 
we found that higher verbal working memory predicted a smaller within-language competition 883 
effect on fixations (p = 0.009), and higher nonverbal IQ predicted smaller effects of both within- 884 
(p = 0.016) and between-language competition (p < 0.001) on fixations. 885 

To follow up on the significant interactions between Competition Type and the continuous 886 
measure of Spanish Proficiency, we next examined eye movements using a categorical variable of 887 
Language Group. Changes in fixations over time were also considered by using growth curve 888 
analysis (GCA) with fourth-order orthogonal polynomials (29). The final model included fixed 889 
effects of Competition Type (Controls, Within-language, Between-language), Language Group 890 
(English monolinguals, Low-Spanish Proficiency bilinguals, and High-Spanish Proficiency 891 
bilinguals), as well as their interactions with Verbal Working Memory (VWM), and Nonverbal IQ 892 
(NVIQ), and all time terms. The model also included a random intercept for subject and by-893 
subject random slopes for all time terms. Model comparisons with depleted models showed 894 
similar patterns of results as the continuous Spanish Proficiency model, showing a significant 895 
main effect of Competition Type, as well as its significant interactions with Language Group, 896 
Verbal Working Memory, and Nonverbal IQ (ps < 0.001). 897 

Within-language Competition. Overall, participants spent more time looking at within-898 
language English competitors than at control items (main effect of Competition Type (Control vs. 899 
Within) on the intercept term; see Fig. 4A in main text and Supplementary Table S2 for full 900 
output). Monolinguals showed a greater within-language gaze effect (i.e., more time looking at 901 
English competitors than controls) than bilinguals, as seen by a significant interaction between the 902 
first Competition Type contrast (Control vs. Within) and the first Language Group contrast 903 
(Estimate = 0.007, SE = 0.002, t = 3.53, p < 0.001). Tukey-adjusted follow-up comparisons 904 
revealed that the effect of English competition was significant for Monolinguals (Estimate = -905 
0.010, SE = 0.012, z = -5.88, p < 0.001) and High-Spanish bilinguals (Estimate = -0.004, SE = 906 
0.001, z = -2.80, p = 0.014), and marginal for Low-Spanish bilinguals (Estimate = -0.003, SE = 907 
0.001, z = -2.22, p = 0.068). 908 

In addition to effects of Competition and Language on the overall proportion of fixations, 909 
interactions between Competition Type (Control vs. Within) and Language Group (Monolinguals 910 
vs. Bilinguals) on the linear (Estimate = 0.023, SE = 0.012, t = 1.98, p = 0.047) and cubic 911 
(Estimate = -0.029, SE = 0.012, t = -2.44, p = 0.015) time terms indicated that the pattern of 912 
fixations across the time window varied by phonological overlap and bilingual experience (see 913 
Fig. 4 in main text). Pairwise comparisons of linear trends (capturing the overall rate of increase 914 
or decrease in fixations over time) revealed that for monolinguals, fixations to control objects 915 
(Linear Trend Estimate = -0.02, SE = 0.01) declined more rapidly than to English competitors 916 
(Estimate = -0.003, SE = 0.01; z = 1.40, p = 0.160), while for bilinguals, competitor fixations 917 
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(Estimate = -0.01, SE = 0.01) declined more rapidly than control fixations (Estimate = -0.004, SE 918 
= 0.01; z = -1.47, p = 0.142). Pairwise comparisons of cubic trends (capturing the sharpness of 919 
curves around two inflection points) revealed that for monolinguals, sigmoidal curvatures were 920 
marginally steeper for controls (Estimate = 0.03, SE = 0.01) than English competitors (Estimate = 921 
0.01, SE = 0.01, z = -1.75, p = 0.081), while for bilinguals, curvatures were marginally steeper for 922 
competitors (Estimate = 0.03, SE = 0.01) than controls (Estimate = 0.02, SE = 0.01, z = 1.78, p = 923 
0.075).  Together, these effects indicate that while both monolinguals and bilinguals exhibited a 924 
pattern of initial competitor activation followed by de-activation and then reactivation (resulting 925 
in two competitor peaks), the effect of English competition increased over time for monolinguals, 926 
but decreased over time for bilinguals.  927 

Between-language Competition. We found that High-Spanish bilinguals showed a greater 928 
between-language competition effect on fixations than Low-Spanish bilinguals (interaction 929 
between second Competition Type contrast and second Language Group contrast: Estimate = -930 
0.010, SE = 0.002, t = -4.89, p < 0.001). Tukey-adjusted follow up comparisons of estimated 931 
marginal means showed a significant between-language gaze effect for High-Spanish bilinguals 932 
(Estimate = 0.007, SE = 0.001, z = 4.61, p < 0.001; see Fig 4A in main text), but not for 933 
Monolinguals (Estimate = -0.001, SE = 0.001, z = -0.480, p = 0.881) or Low-Spanish bilinguals 934 
(Estimate = -0.003, SE = 0.001, z = -1.957, p = 0.123). There were no significant group 935 
differences in looks towards controls (ps > 0.1), but High-Spanish bilinguals spent more time 936 
looking at Spanish competitors compared to Low-Spanish bilinguals (Estimate = 0.010, SE = 937 
0.004, z = 2.75, p = 0.017) and marginally more compared to Monolinguals (Estimate = 0.010, SE 938 
= 0.004, z = 2.32, p = 0.053), resulting in a greater between-language fixation effect. A significant 939 
interaction between the first Language Group contrast and Competition Type on the linear time 940 
term indicated that the effect of Spanish competition on the rise or fall of fixations over time 941 
differed between monolinguals and bilinguals (Estimate = 0.023, SE = 0.012, z = 1.98, p = 0.047). 942 
For monolinguals, there was a significant increase in competitor fixations over time (Estimate = 943 
0.02, SE = 0.01, z = 1.99, p = 0.047), as well as a non-significant decrease in control fixations 944 
(Estimate = -0.02, SE = 0.01, z = -1.64 p = 0.101). While a similar pattern was observed 945 
for bilinguals, the linear trend was not significant for either competitors (Estimate = 0.004, SE = 946 
0.01, z = 0.55, p = 0.581) or controls (Estimate = - 0.004, SE = 0.01, z = -0.56, p = 0.556). As a 947 
result, the effect of Spanish competition increased over time for monolinguals (Estimate = 948 
0.04, SE = 0.01, z = 3.82, p < 0.001), but was relatively stable across time for bilinguals 949 
(Estimate = 0.01, SE = 0.01, z = 1.2, p = 0.230). In sum, the influence of between-language 950 
competition on gaze was greater for bilinguals than monolinguals, and this was particularly the 951 
case toward the beginning of the trial.  952 In 

Pres
s



Science Advances                                               Manuscript Template                                                                           Page 24 of 30 
 

 953 

954 
Fig. S1. Effects of phonological competition and Spanish proficiency on item fixations. 955 
The effect of between-language competition from Spanish increased with greater Spanish 956 
proficiency.  957 
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Table S1. Effects of Competition Type and Language Group on Recognition Memory 958 
  Estimate SE z p 
(Intercept) -1.18 0.12 -9.44 <0.001 
CompType1 (Ctrl vs. Within) 0.58 0.20 2.86 0.004 
CompType2 (Ctrl vs. Between) 0.34 0.18 1.92 0.056 
LangGroup1 (Mono vs. Bi) -0.08 0.21 -0.37 0.715 
LangGroup2 (High vs. Low Bi) -0.12 0.21 -0.55 0.585 
VWM -0.16 0.09 -1.70 0.090 
NVIQ 0.16 0.08 2.02 0.044 
CompType1:LangGroup1 0.08 0.22 0.36 0.722 
CompType2:LangGroup1 0.01 0.21 0.05 0.965 
CompType1:LangGroup2 -0.35 0.23 -1.54 0.124 
CompType2:LangGroup2 -0.39 0.22 -1.80 0.072 
CompType1:VWM -0.02 0.10 -0.22 0.823 
CompType2:VWM 0.11 0.10 1.06 0.288 
LangGroup1:VWM -0.27 0.21 -1.32 0.188 
LangGroup2:VWM 0.17 0.21 0.82 0.412 
CompType1:NVIQ 0.16 0.09 1.80 0.072 
CompType2:NVIQ 0.09 0.09 1.07 0.285 
LangGroup1:NVIQ -0.17 0.17 -1.02 0.309 
LangGroup2:NVIQ -0.19 0.20 -0.94 0.347 
CompType1:LangGroup1:VWM -0.28 0.23 -1.23 0.219 
CompType2:LangGroup1:VWM -0.56 0.23 -2.47 0.014 
CompType1:LangGroup2:VWM -0.08 0.23 -0.36 0.722 
CompType2:LangGroup2:VWM -0.08 0.23 -0.33 0.739 
CompType1:LangGroup1:NVIQ -0.01 0.19 -0.04 0.971 
CompType2:LangGroup1:NVIQ 0.11 0.18 0.61 0.544 
CompType1:LangGroup2:NVIQ -0.15 0.22 -0.70 0.487 
CompType2:LangGroup2:NVIQ 0.01 0.21 0.05 0.962 

The generalized linear mixed-effect model on recognition memory accuracy included fixed 959 
effects of Competition Type (contrast 1: Controls vs. Within-language competitors; contrast 2: 960 
Controls vs. Between-language competitors), Language Group (contrast 1: Monolinguals vs. 961 
Bilinguals; contrast 2: Low-Spanish bilinguals vs. High-Spanish bilinguals), Verbal Working 962 
Memory, Nonverbal IQ, and all two- and three-way interactions. The final model also included 963 
random intercepts for Participant and Set, as well as a by-participant random slope for 964 
Competition Type and by-set random slopes for Competition Type and Language Group.  965 
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Table S3. Effects of Relative Competitor Gaze on English Competitor Recognition Memory 966 
  Estimate SE z p 

(Intercept) -1.59 0.17 -9.58 
< 

0.001 
CompType (Within) 0.61 0.23 2.66 0.008 
LangGroup1 (Mono vs. Bi) -0.08 0.26 -0.32 0.748 
LangGroup2 (High vs. Low Bi) 0.00 0.27 -0.01 0.991 
VWM -0.24 0.12 -1.96 0.050 
NVIQ 0.04 0.11 0.35 0.725 
RelativeCompGaze (Within) -0.03 0.07 -0.43 0.665 
CompTypeWithin:LangGroup1 0.09 0.22 0.40 0.690 
CompTypeWithin:LangGroup2 -0.12 0.24 -0.48 0.632 
CompTypeWithin:VWM 0.05 0.11 0.50 0.619 
CompTypeWithin:NVIQ 0.25 0.10 2.57 0.010 
CompTypeWithin:RelativeCompGaze 0.20 0.09 2.23 0.026 
LangGroup1:VWM -0.04 0.28 -0.13 0.899 
LangGroup2:VWM 0.10 0.27 0.37 0.713 
LangGroup1:NVIQ -0.28 0.24 -1.18 0.237 
LangGroup2:NVIQ -0.28 0.25 -1.10 0.271 
LangGroup1:RelativeCompGaze 0.18 0.14 1.24 0.217 
LangGroup2:RelativeCompGaze -0.09 0.16 -0.56 0.575 
CompTypeWithin:LangGroup1:VWM -0.25 0.25 -1.03 0.304 
CompTypeWithin:LangGroup2:VWM 0.01 0.25 0.04 0.967 
CompTypeWithin:LangGroup1:NVIQ 0.11 0.21 0.54 0.588 
CompTypeWithin:LangGroup2:NVIQ 0.02 0.23 0.07 0.942 
CompTypeWithin:LangGroup1:RelativeCompGaze -0.11 0.19 -0.58 0.562 
CompTypeWithin:LangGroup2 RelativeCompGaze 0.26 0.22 1.19 0.235 

The generalized linear mixed-effect model on recognition memory accuracy for within-language 967 
competitors included fixed effects of Competition Type (Within), Language Group (contrast 1: 968 
Monolinguals vs. Bilinguals; contrast 2: High-Spanish bilinguals vs. Low-Spanish bilinguals), 969 
Relative Competitor Gaze (Within), Verbal Working Memory, Nonverbal IQ, and all two- and 970 
three-way interactions. The final model also included random intercepts for Participant and Set, as 971 
well as a by-participant random slope for Competition Type and by-set random slopes for 972 
Competition Type and Language Group.  973 
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Table S4. Effects of Relative Competitor Gaze on Spanish Competitor Recognition Memory 974 
  Estimate SE z p 

(Intercept) -1.55 0.16 -9.75 
< 

0.001 
CompType (Between) 0.33 0.17 1.91 0.056 
LangGroup1 (Mono vs. Bi) -0.20 0.27 -0.72 0.471 
LangGroup2 (High vs. Low Bi) 0.14 0.27 0.50 0.614 
VWM -0.22 0.12 -1.74 0.081 
NVIQ 0.09 0.11 0.78 0.435 
RelativeCompGaze (Between) -0.12 0.07 -1.75 0.081 
CompTypeBetween:LangGroup1 0.13 0.22 0.60 0.548 
CompTypeBetween:LangGroup2 -0.53 0.23 -2.27 0.023 
CompTypeBetween:VWM 0.13 0.11 1.14 0.252 
CompTypeBetween:NVIQ 0.07 0.10 0.72 0.469 
CompTypeBetween:RelativeCompGaze 0.24 0.09 2.60 0.009 
LangGroup1:VWM -0.13 0.29 -0.46 0.648 
LangGroup2:VWM 0.13 0.27 0.47 0.639 
LangGroup1:NVIQ -0.38 0.25 -1.54 0.123 
LangGroup2:NVIQ -0.13 0.26 -0.52 0.607 
LangGroup1:RelativeCompGaze 0.14 0.15 0.89 0.371 
LangGroup2:RelativeCompGaze -0.04 0.15 -0.24 0.812 
CompTypeBetween:LangGroup1:VWM -0.47 0.25 -1.88 0.060 
CompTypeBetween:LangGroup2:VWM 0.04 0.25 0.14 0.886 
CompTypeBetween:LangGroup1:NVIQ 0.28 0.21 1.32 0.188 
CompTypeBetween:LangGroup2:NVIQ 0.02 0.23 0.07 0.943 
CompTypeBetween:LangGroup1:RelativeCompGaze -0.32 0.21 -1.53 0.125 
CompTypeBetween:LangGroup2:RelativeCompGaze -0.14 0.21 -0.67 0.506 

 Note. The generalized linear mixed-effect model on recognition memory accuracy for between-975 
language competitors included fixed effects of Competition Type (Between), Language Group 976 
(contrast 1: Monolinguals vs. Bilinguals; contrast 2: High-Spanish bilinguals vs. Low-Spanish 977 
bilinguals), Relative Competitor Gaze (Between), Verbal Working Memory, Nonverbal IQ, and 978 
all two- and three-way interactions. The final model also included random intercepts for 979 
Participant and Set, as well as a by-participant random slope for Competition Type and by-set 980 
random slopes for Competition Type and Language Group.  981 
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Table S5. Phonological Overlap Stimulus Sets. (Note. ‘V’ and ‘B’ are represented by the same 982 
phoneme in Spanish: /b/.) 983 
 984 
 985 
  Target Competitor Fillers 

  
Within-
language 

Between-
language Control Filler 1 Filler 2 

1 
battery 
(pila) 

backpack 
(mochila) 

glass 
(vaso) 

helmet 
(casco) 

screwdriver 
(desarmador) 

tire 
(llanta) 

2 
beetle 
(escarabajo) 

beans 
(frijoles) 

mustache 
(bigote) 

grapes 
(uvas) 

skate 
(patín) 

vacuum 
(aspiradora) 

3 
bone 
(hueso) 

bow 
(moño) 

fireman 
(bombero) 

ladder 
(escalera) 

onion 
(cebolla) 

queen 
(reina) 

4 
candle 
(vela) 

candy 
(dulces) 

lock 
(candado) 

wing 
(ala) 

screw 
(tornillo) 

net 
(red) 

5 
cheese 
(queso) 

cheerleader 
(porrista) 

gum 
(chicle) 

strawberry 
(fresa) 

mop 
(trapeador) 

wheel 
(rueda) 

6 
clock 
(reloj) 

clown 
(payaso) 

nail 
(clavo) 

mirror 
(espejo) 

barbecue 
(asador) 

fork 
(tenedor) 

7 
corkscrew 
(sacacorchos) 

corn 
(maíz) 

tie 
(corbata) 

jar 
(frasco) 

wig 
(peluca) 

deer 
(venado) 

8 
fly 
(mosca) 

flashlight 
(linterna) 

arrow 
(flecha) 

wheelchair 
(silla de ruedas) 

pumpkin 
(calabaza) 

wrench 
(llave) 

9 
goat 
(cabra) 

ghost 
(fantasma) 

drop 
(gota) 

bread 
(pan) 

ashtray 
(cenicero) 

tongue 
(lengua) 

10 
lightning 
(rayo) 

lighter 
(encendedor) 

pencil 
(lápiz) 

spoon 
(cuchara) 

owl 
(búho) 

mushroom 
(hongo) 

11 
magnet 
(imán) 

mouse 
(ratón) 

hand 
(mano) 

duck 
(pato) 

watermelon 
(sandía) 

knife 
(cuchillo) 

12 
plunger 
(desatascador) 

plug 
(enchufe) 

feather 
(pluma) 

vest 
(chaleco) 

needle 
(aguja) 

carrot 
(zanahoria) 

13 
table 
(mesa) 

tape 
(cinta) 

roof 
(techo) 

window 
(ventana) 

diaper 
(pañal) 

sword 
(espada) 

14 
team 
(equipo) 

teacher 
(maestra) 

shark 
(tiburón) 

glasses 
(lentes) 

arm 
(brazo) 

rain 
(lluvia) 

15 
toes 
(dedos) 

toys 
(juguetes) 

bull 
(toro) 

rabbit 
(conejo) 

egg 
(huevo) 

mermaid 
(sirena) 

  986 
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Table S6. Effects of Competition Type and Spanish Proficiency on Item Fixations during 987 
Encoding 988 
  Estimate SE t p 
(Intercept) 0.0369 0.0016 23.71 <0.001 
VWM -0.0016 0.0016 -1.01 0.316 
NVIQ 0.0004 0.0015 0.25 0.804 
CompType1 (Ctrl vs. Within) 0.0059 0.0009 6.31 <0.001 
CompType2 (Ctrl vs. Between) 0.0006 0.0009 0.66 0.511 
SpanishProf 0.0014 0.0016 0.86 0.393 
VWM: CompType1 -0.0025 0.0010 -2.62 0.009 
VWM:CompType2 0.0010 0.0010 1.06 0.289 
NVIQ:CompType1 -0.0021 0.0009 -2.41 0.016 
NVIQ:CompType2 -0.0042 0.0009 -4.82 <0.001 
VWM:SpanishProf 0.0004 0.0017 0.22 0.830 
NVIQ:SpanishProf -0.0023 0.0015 -1.49 0.140 
CompType1:SpanishProf -0.0026 0.0010 -2.72 0.007 
CompType2:SpanishProf 0.0017 0.0010 1.80 0.073 
VWM:CompType1:SpanishProf -0.0005 0.0010 -0.53 0.596 
VWM:CompType2:SpanishProf -0.0001 0.0010 -0.05 0.957 
NVIQ:CompType1:SpanishProf -0.0012 0.0009 -1.31 0.189 
NVIQ:CompType2:SpanishProf -0.0013 0.0009 -1.40 0.163 

The final linear mixed-effect model on competitor eye movements included fixed effects of 989 
Competition Type (contrast 1: Controls vs. Within-language competitors; contrast 2: Controls vs. 990 
Between-language competitors), Spanish Proficiency (mean centered LexTALE-Esp score), 991 
Verbal Working Memory (VWM), and Nonverbal IQ (NVIQ). The final model also included a 992 
random intercept by participant. 993 
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Table S2. GCA 995 
Due to its size, Table S2 can be found in the Other Supplementary Materials as an Excel file. 996 
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