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Introduction: Recent studies suggest that working memory (WM) temporarily stores and processes bindings, while semantically related WM processing interacts with long-term memory (LTM). Semantic information can be categorized into grammatically connected sentences, which benefit from LTM-based semantic and syntactic integration, and isolated word lists, which lack meaningful structural connections. The sentence superiority effect refers to the enhanced memory performance of sentences compared to word lists. This study explores how object-based attention resources contribute to semantic WM processing in second language (L2) learners and examines the impact of object attention task load on sentence superiority.

Methods: We employed the Duncan task as an interference paradigm to investigate whether object-based attention load influences the sentence superiority effect in L2 learners. Participants completed memory tasks involving either isolated word lists or connected sentences while simultaneously performing the interference task.

Results: Findings revealed that connected sentences were more resistant to attention interference compared to word lists, indicating that sentence processing in WM benefits from structural and semantic integration.

Discussion: These results suggest distinct mechanisms of attention resource deployment in semantic processing. The study provides insights into how linguistic context modulates the interaction between attention resources and working memory, highlighting the role of structured language input in cognitive processing.
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1 Introduction

Building and maintaining a limited set of integrated representations from distinct features (i.e., binding) is a fundamental function of working memory (WM) (Allen et al., 2012; Baddeley et al., 2011). Within this framework, research has established complex interactions between working memory, long-term memory, and attention systems during language processing (Majerus, 2013). Studies using concurrent task paradigms have revealed how attention resources constrain these memory systems’ operations (Barrouillet et al., 2004; Camos et al., 2019), particularly in the context of verbal working memory. However, the specific role of object-based attention in mediating these interactions remains unclear.

Object-based attention, which facilitates the selection and maintenance of integrated object representations, has been extensively studied in visual processing (Chen, 2012; Lin et al., 2021). Research has shown that when attending to a specific object, processing efficiency is enhanced not only for the attended feature but for all features of that object, with attention resources being automatically spread across all features of the selected object (Duncan, 1984; Mack et al., 1992; O'Craven et al., 1999). While the mechanisms of object-based attention have been extensively studied in visual cognition (Wan et al., 2020), its role in semantic working memory remains largely unexplored. The potential role of object-based attention in semantic processing is particularly intriguing because semantic working memory involves complex interactions between temporary representations and long-term knowledge structures (Baddeley et al., 2009).

When investigating these cognitive mechanisms in our current study with second language learners, it is important to consider how such basic cognitive operations manifest across different linguistic contexts. Abutalebi and Green (2007) indicated that second language processing involves additional cognitive demands compared to first language processing. However, other studies have shown that fundamental cognitive mechanisms, including working memory operations and attention resource allocation, function similarly across L1 and L2 processing (Grundy et al., 2017; Wen, 2012). Previous studies have demonstrated that core cognitive processes such as semantic integration and executive control operate on similar principles in both L1 and L2, though they may show different levels of efficiency (Kroll and Bialystok, 2013). This suggests that examining object-based attention effects in L2 semantic processing can provide valuable insights into the fundamental mechanisms of semantic integration, while potentially revealing how these mechanisms adapt to increased cognitive demands.

This is particularly important because semantic working memory involves a unique interaction between temporary representations and long-term knowledge structures (Baddeley et al., 2009). In the current study, we manipulated object-based attention through a dual-task paradigm where participants needed to maintain semantic information while simultaneously processing distracting object representations. This approach allows us to examine how the disruption of object-based attention affects the maintenance and integration of semantic information, providing insights into how attention resources support the binding of semantic elements into coherent representational units in working memory.

One way to examine the role of object-based attention in semantic working memory is by comparing memory performance for connected sentences and unconnected word lists. Connected sentences typically demonstrate superior memory performance compared to unconnected word lists, known as the sentence superiority effect (Potter and Lombardi, 1990). The theoretical foundation for linking object-based attention to sentence processing lies in their shared mechanisms of information integration. Just as object-based attention facilitates the integration of visual features into coherent object representations (Chen, 2012; Duncan, 1984), similar integrative mechanisms appear to operate in sentence processing. Specifically, object-based attention facilitates this integration process by: (1) selecting and maintaining the relationship between sequential words, (2) binding these words into a coherent representational unit, and (3) supporting the activation of relevant semantic schemas from long-term memory (Altmann and Kamide, 2009; Garnham, 1985). The critical role of object-based attention in this process is evidenced by studies showing that disrupting attention resources during sentence processing significantly impairs comprehension and memory performance (Gordon et al., 2001). Furthermore, the sentence superiority effect persists even when controlling for factors such as word frequency and semantic associations (Johnson, 1970; Marks and Miller, 1964), suggesting that the integration benefits arise from higher-level organizational processes that specifically depend on object-based attention resources. Our experimental manipulation of attention through concurrent object processing allows us to directly test how object-based attention constraints affect this integration process.

The relationship between object-based attention and semantic working memory may manifest differently when processing connected sentences versus isolated lexical items. Connected sentences, which can benefit from existing knowledge structures and grammatical rules, might place different demands on object-based attention resources compared to isolated lexical items that lack such organizational support. This integration process in sentence comprehension operates through dynamic interactions between multiple levels, incorporating semantic, syntactic, and contextual information to form coherent representational units (Hagoort, 2005; Pickering and Garrod, 2013). Both sentences and isolated words require object-based attention, but to different extents. For sentences, object-based attention operates in interaction with long-term memory semantic, syntactic, and contextual processes, which reduces the explicit allocation of attentional resources. In contrast, isolated lexical items require more explicit allocation of object-based attention resources, as they lack the supportive long-term memory processes and inherent organizational structure that sentences provide. This makes object-based attention for isolated words more vulnerable to disruption.

Research using concurrent task paradigms has demonstrated that attention demands can significantly impact working memory maintenance and processing (Barrouillet et al., 2004; Camos et al., 2019). Object-based attention resources are required for both the verbal memory task and the secondary visual task, creating a competition for limited attentional resources. When secondary task demands increase, attention is necessarily drawn away from the memoranda, affecting performance. By manipulating this attention load, we can directly test whether sentence processing is more resistant to attention interference compared to isolated word processing. Given these theoretical considerations about the differential roles of object-based attention (Chen, 2012; Duncan, 1984; Gao et al., 2022; Jeong and Cho, 2024) in processing connected and isolated verbal materials, and the established interaction between language processing and working memory systems (Majerus, 2013), a direct empirical investigation is needed to examine how varying levels of object-based attention load might differentially affect the processing of sentences versus isolated words. We hypothesize that if sentence processing indeed relies more on automatic binding mechanisms, it should be more resistant to object-based attention interference compared to the processing of isolated words.

To investigate how object-based attention influences semantic working memory processing, we employed the Duncan task, which specifically taxes object-based attention resources. This dual-task approach aligns with established paradigms for investigating attention-memory interactions (Barrouillet et al., 2004), while specifically focusing on object-based attention demands. By manipulating object-based attention load through this task while participants process semantic information, we aim to elucidate the role of object-based attention in semantic working memory and its potential interaction with different types of semantic materials.



2 Methods

In Baddeley et al.’s study, three different types of semantic information were used: natural language sentences, semantically constrained sentences (CS), and constrained word lists (CL) (Baddeley et al., 2009). The working memory processing efficiency of the two types of sentences is better than that of word lists. However, in subsequent experiments, only CS and CL were used, as the inclusion of natural sentences led to substantial variability in performance. This variability stemmed from differences in sequence length, semantic content, and additional contributions from episodic LTM.

Building on previous studies, the current study also focused on CS and CL conditions in our current study. This design was made to avoid the variability introduced by natural sentences, which could complicate the analysis due to differences in sequence length, semantic content, and additional contributions from episodic LTM. By using only these two types of materials, we aimed to create a more controlled and consistent environment to examine the effects of semantic chunking and working memory load on sentence recall.


2.1 Evaluation of experimental materials


2.1.1 Participants

Fifteen paid student volunteers from Ningbo University of Technology (10 females; age range: 18–21 years; mean = 19.13 years, SD = 1.06) participated in the pre-test. All participants had scored above 500 (range: 504–560; mean = 530.21) on the College English Test Band 4 (CET-4), reported normal or corrected-to-normal vision, and provided written informed consent. This proficiency threshold was established to ensure participants could effectively process the English experimental materials while avoiding ceiling effects that might occur with native English speakers. The study protocol was approved by the university’s Institutional Review Board.



2.1.2 Apparatus and materials

The experiment was programmed in MATLAB 2021a using Psychophysics Toolbox Version 3 (PTB-3) (Brainard, 1997) and presented on a 24-inch LCD monitor (1920 × 1,080 pixels, 60 Hz). The stimuli were presented against a gray (128, 128, 128; RGB) background.

Two types of sequences were developed: CS and CL conditions. Following Baddeley et al. (2009), we adopted their established word pool, which contained words categorized into nouns (e.g., “Peter,” “pilot,” “car”), adjectives (e.g., “red,” “large,” “wealthy”), verbs (e.g., “gave,” “cleaned”), and adverbs (e.g., “rapidly,” “easily”). These words were originally selected from Kučera and Francis (1967) corpus for their medium-high frequency (mean frequency = 199.55) and were validated in the study of Baddeley et al. (2009). All stimuli were generated using text-to-speech (TTS) synthesis technology and presented individually to eliminate prosodic and co-articulatory cues.

For CS conditions, sequences were constructed by selecting 1–2 words from each noun and adjective subset, one verb, and one adverb without replacement. Function words (e.g., “the,” “to,” “and,” “from,” “for”) were included to create grammatically correct sentences but excluded from the analysis. For example, a CS sequence might be “The wealthy pilot rapidly gave the red car.” CL conditions were then derived by removing function words from these sentences, with word order manipulated to minimize grammatical structure and semantic relationships (e.g., “pilot red rapidly wealthy gave”).

Given that these materials were originally designed for native English speakers, our initial testing with non-native participants revealed a floor effect. To address this challenge, we modified the sequences by reducing their length while maintaining the same word pool and construction principles.



2.1.3 Design and procedure

After these modifications, participants completed oral recall tasks for both conditions.

Each participant was tested in a single session lasting approximately 25 min. At the start of the experiment, instructions were displayed, and participants pressed the spacebar to begin once they understood the task. Following the keypress, a fixation cross appeared on the screen, and auditory stimuli were presented through a pair of over-ear headphones with an integrated microphone. The audio was played at a rate of one word per second for both the CL and CS conditions, and the same digital sound files were used for both materials. After the audio sequence finished, a new set of instructions appeared, asking participants to orally recall the items in the order they had heard them. After recalling, participants pressed a key to proceed to the next trial. This sequence continued until all trials were completed.

Each experimental block included four practice trials, followed by 16 test trials: 16 CL and 16 CS sequences. Participants with odd-numbered subject numbers started with the constrained lists, while participants with even-numbered subject numbers started with the sentences.

For the recall scoring, an item was considered correct if it was recalled in its proper relative position to other items in the sequence. This scoring approach was chosen as it captures how sequential information is maintained in working memory, where items are typically encoded in relation to their neighbors rather than as independent units. The position of the first and last items in the sequence were treated as exceptions, where they were only scored as correct if they appeared in the same positions during recall. For example, if the sequence “ABCDE” was recalled as “CBADE,” only the last two items (D and E) would be considered correct because the relative order of C and B had been reversed. In contrast, if the sequence was recalled as “BCADE,” all words except for A would be counted as correct, as the relative order of the remaining words (B, C, D, and E) had been maintained. In trials where participants failed to recall any correct words, their performance was recorded as zero points. This scoring method is consistent with the procedure outlined in previous research (Baddeley et al., 2009).

The scores were calculated and compared with previous studies, as presented in Table 1.



TABLE 1 The results of material assessment in word length and recall scores.
[image: Table1]

As shown in the Table 1, although English learners’ recall scores were lower than native speakers, they demonstrated measurable performance without floor effects. Given that participants could complete the modified materials while maintaining sufficient cognitive demands, we proceeded with these adjusted materials in our main experiment.




2.2 Main experiment


2.2.1 Participants

An a priori power analysis using G*Power 3.1 (Faul et al., 2007; Susanne et al., 2007) suggested a sample size of N = 28 for a 2 × 2 repeated-measures analysis of variance (ANOVA) with a moderate effect size of f = 0.25, α = 0.05 and 1-β = 0.80. We adopted a sample size of N = 28 to obtain the desired sample size.

Twenty-eight paid student volunteers from the Ningbo University of Technology participated in our study (14 females; age range: 18–21 years; mean = 19.25 years, SD = 1.14). All participants’ English proficiency was assessed using the CET- 4 (range: 500–589, mean = 548.86). In addition, all participants reported normal or corrected-to-normal visual acuity and provided written informed consent before participating in the experiment. The Institutional Review Board of Ningbo University of Technology approved the experimental protocols.



2.2.2 Apparatus and materials

In the main experiment, we used the modified materials that had been assessed in the preliminary evaluation (see Table 1), consisting of 16 sets of CL and CS sequences. All apparatus used for stimulus presentation and scoring methods remained identical to those in the preliminary experiment. A delayed-match task paradigm was employed, in which participants performed a secondary task between the presentation and recall of sequences. The secondary task used the Duncan task (Duncan, 1984), with parameters based on Zhou et al. (2021).



2.2.3 The Duncan task

The Duncan task (Duncan, 1984) is a widely used paradigm to assess object-based attention. In this task, participants need to process multiple features of overlapping objects, which requires the allocation of object-based attention resources. We chose this task as our secondary task because it specifically targets object-based attention processes without substantially engaging verbal working memory resources.

In our implementation, following Zhou et al. (2021), the stimulus consisted of two superimposed black objects—a box and a line. The box (1.02° width) was either short (1.02°) or tall (1.43°) and had a gap (0.31° width) on either the left or right side. The line (3.19° long) was either dashed or dotted and tilted 8° to either the left or right side. A backward mask (2.11° width × 2.86° height) was used following the presentation of the stimuli. Participants were required to make two consecutive judgments about the box features: first identifying the gap location, then judging the box height. This dual-judgment requirement ensures active engagement of object-based attention resources.



2.2.4 Design and procedure

The main experiment employed a 2 (memory condition: CL vs. CS) × 2 (task load: no Duncan task vs. with Duncan task) within-subjects design. The Duncan task was used to manipulate object-based attention load, allowing us to examine how different types of verbal materials respond to attention interference. Specifically, by comparing performance between conditions with and without the Duncan task, we could assess the differential effects of attention load on sentence versus word list processing. This design followed the procedures used in previous research (Baddeley et al., 2009; Shen et al., 2013).

At the beginning of the experiment, participants completed five practice trials to familiarize themselves with the task requirements. After this practice phase, participants proceeded to the main experiment.

Each trial began with the presentation of a fixation cross on the screen for 500 ms, followed by the auditory stimulus: either a constrained word list or a constrained sentence, depending on the condition. Participants were instructed to listen carefully and remember the content of the auditory material.

In the secondary-task conditions (with Duncan task), after the auditory presentation, a box with an oblique line appeared on the screen. Participants were required to make two judgments regarding the box: first, to determine whether the gap was on the left or right side; and second, to judge the box height (low or high). Participants were given examples of “low” and “high” boxes before the experiment to ensure they understood the task. The gap direction was indicated by the left or right side of the box, and the height was represented by the distance from the top or bottom of the box. A visual mask appeared on the screen immediately after the box, followed by two questions. The first question asked participants to indicate the direction of the gap (press F for left or J for right), and the second question asked them to judge the height of the box (press F for low or J for high). Participants were required to respond within a 2,000-ms time window. In the no-Duncan-task condition, participants were instructed to press the spacebar to ignore the secondary task stimuli and focus only on the memory task. If participants failed to respond within the time limit or made an incorrect response, the secondary task in that trial was considered incorrect.

After completing the Duncan task (or pressing spacebar in the no-Duncan-task condition), participants were prompted to verbally recall all the words they remembered from the current trial. Participants’ verbal responses were recorded through a headset microphone for each trial. The experimental program (implemented in Matlab Psychophysics Toolbox) simultaneously recorded both the audio responses and generated a trial-by-trial record of presented stimuli sequence.

Once they complete the recall task, participants can press the spacebar at any time to proceed to the next trial. The procedure for the main experiment is presented in Figure 1.

[image: Figure 1]

FIGURE 1
 Time course (A) and sample stimuli (B) of the main experiment.





2.3 Data analysis

The scoring procedure followed the criteria established by Baddeley et al. (2009). Each participant’s trial-specific audio recordings were scored post-experiment, with the corresponding stimulus sequence records serving as reference. To ensure scoring reliability, all responses underwent a double-check procedure where scores were verified against both the audio recordings and the stimulus sequence records.

To ensure measurement equivalence across conditions while preserving the relative performance differences between groups, participants’ raw scores were standardized using a percentage transformation. Specifically, raw scores were divided by the maximum possible score for each condition (5 points for CL and 6 points for CS) and then multiplied by 100 to obtain percentage scores (Tabachnick et al., 2013). Additionally, task cost was calculated to assess the impact of the Duncan task on memory performance, specifically examining how the presence of the Duncan task influenced the memory effects of different types of semantic materials (CL vs. CS). Furthermore, accuracy scores for the Duncan task were recorded and used as a reference for further analyses. A two-way repeated measures ANOVA was conducted to assess the main and interaction effects of memory condition (CL vs. CS) and task load (with Duncan task vs. no Duncan task) as within-subjects factors. The η2 was calculated as an estimate of effect size. To examine the difference in cognitive load between CL and CS conditions, we compared the disruption of the Duncan task between conditions. Specifically, we calculated the cost of the secondary task by subtracting the memory performance under the Duncan task condition from that under the no-Duncan task condition. Following previous studies (Gao et al., 2017), we conducted an independent sample t-test to compare the disruptions of the Duncan task between CL and CS conditions.




3 Results

The mean percentage scores for the semantic WM task in each condition are presented in Figure 2, which shows the differences in memory performance across conditions. The detailed descriptive statistics are provided in Table 2, with means and stand errors. The results of ANOVA showed a significant main effect of memory condition, F(1, 27) = 64.54, p < 0.001, η2 = 0.262. This indicates that participants performed significantly better in the CS condition compared to the CL condition. Similarly, a significant main effect of task load was found, F(1, 27) = 11.43, p = 0.002, η2 = 0.054. This suggests that the presence of the Duncan task had a significant impact on memory performance. Furthermore, the interaction between memory condition and task load was also significant, F(1, 27) = 7.92, p = 0.009, η2 = 0.018, indicating that the effect of task load on memory performance differed between the CL and CS conditions.

[image: Figure 2]

FIGURE 2
 Mean percentage scores of semantic WM performance across conditions. Data distributions are shown as violin plots, with individual data points overlaid. Error bars represent ± SE.




TABLE 2 Descriptive statistics for memory performance across experimental conditions.
[image: Table2]

To explore the significant interaction effect, pairwise comparisons using the Bonferroni adjustment were conducted. The results are presented as follows: A significant difference was found between the CS condition and the CL condition, both with and without the Duncan task (t = −7.91, p < 0.001; t = −4.97, p < 0.001). These results indicate that participants in the CS condition performed significantly better than those in the CL condition. A significant difference was also observed between the CL condition with and without the Duncan task (t = −4.05, p < 0.001), suggesting that the load of the Duncan task resulted in decreased performance in the CL condition. However, no significant effect of the Duncan task on memory performance was observed in the CS condition.

The cost of Duncan task were presented in Figure 3, the results indicated that the cost of Duncan task was significantly higher in the CL condition than in the CS condition (t = 2.24, p = 0.03).

[image: Figure 3]

FIGURE 3
 Task cost (performance decline due to Duncan task interference) in different conditions. Data distributions are shown as violin plots, with individual data points overlaid. Error bars represent ± SE.




4 Discussion

The present study investigated how object-based attention affects semantic working memory performance in different linguistic contexts (CL vs. CS). Using the Duncan task as a secondary task to manipulate object-based attention load, we found that semantic working memory performance was significantly affected by attention resources, which is consistent with previous findings on working memory processing. Furthermore, the effect of attention load on semantic processing was modulated by linguistic context. Memory performance for CL condition was more susceptible to interference from the concurrent Duncan task compared to CS condition, as evidenced by the higher task cost in the CL condition. This suggests that connected sentences, which can utilize grammar chunking and establish meaningful associations with long-term memory, require fewer object-based attention resources. However, when processing individual lexical items without semantic connections, participants relied more heavily on object-based attention resources, making their performance more vulnerable to interference from the attention-demanding secondary task. These findings provide new insights into the role of object-based attention in semantic working memory processing and demonstrate that the sentence superiority effect may be partially attributed to more efficient attention resource deployment during semantic encoding.


4.1 The sentence superiority effect in memory performance

Firstly, we found significant sentence superiority effects in the current study, where the memory performance of CS sequences was significantly higher than CL sequences. This robust effect demonstrates that the organizational structure of sentences substantially enhances working memory capacity beyond the typical limitations observed with isolated lexical items. Such enhancement reflects not only the basic chunking mechanisms but also the efficient binding of semantic and syntactic information into coherent representational units (Jefferies et al., 2004). This binding process appears to be facilitated by automatic integration mechanisms that operate at multiple linguistic levels (Baddeley et al., 2011).

The observed sentence superiority effect aligns with previous research on working memory binding, where structured linguistic input has been shown to dramatically improve memory performance compared to random word sequences (Treisman and Zhang, 2006). This advantage reflects the fundamental ability of the human memory system to leverage pre-existing knowledge of language patterns and grammatical rules, creating stable object representations that can be maintained with relatively less attention resources (Luck and Vogel, 2013). Importantly, this superiority effect remained stable even under varying attention conditions, suggesting that the advantage of sentential context represents a fundamental characteristic of semantic memory processing rather than a mere strategy-dependent phenomenon. The consistent performance advantage in the CS condition indicates that sentence-level processing may operate through relatively automated binding mechanisms that have been established through extensive exposure to language patterns (Treisman and Zhang, 2006). This automatic binding process appears to be particularly efficient in integrating multiple pieces of information into unified object representations, consistent with theories of object-based attention in visual processing (Chen, 2012; Scholl, 2001).



4.2 Differential effects of object-based attention load

The interaction between memory condition and task load revealed distinct patterns of attention resource dependency across linguistic contexts. The Duncan task, which specifically targeted object-based attention, demonstrated asymmetric interference effects on semantic processing: while significantly disrupting performance in the CL condition (t = −4.05, p < 0.001), it showed minimal impact on CS performance. This differential sensitivity to attention interference aligns with previous research on object-based attention in visual cognition (Duncan, 1984; Scholl, 2001), suggesting similar principles in semantic processing.

The selective interference observed in the CL condition indicates that processing individual lexical items relies heavily on object-based attention resources, similar to how attention operates on individual objects in visual processing (Chen, 2012). When these resources are depleted by a concurrent task, the ability to maintain and process isolated lexical items is significantly compromised. In contrast, sentence processing in the CS condition demonstrated remarkable resilience to attention interference, suggesting that connected sentences engage more efficient processing mechanisms through existing syntactic and semantic frameworks (Jefferies et al., 2004).

These findings extend our understanding of attention-memory interactions by demonstrating that the deployment of object-based attention resources in semantic working memory is modulated by linguistic context. The differential resource requirements between CS and CL conditions suggest that the cognitive system can flexibly adapt its processing mechanisms based on available linguistic structure.



4.3 Semantic integration with long-term memory

The distinct patterns of attention resource dependency between CS and CL conditions can be explained through the mechanisms of semantic chunking and long-term memory integration. In the CS condition, the relative immunity to attention interference, evidenced by both the interaction effect (F(1, 27) = 7.92, p = 0.009) and lower task cost, suggests that sentences are processed through qualitatively different mechanisms than individual lexical items (Jefferies et al., 2004).

When processing connected sentences, the cognitive system appears to capitalize on existing linguistic knowledge stored in long-term memory. This allows for rapid integration of individual words into meaningful units through semantic chunking, effectively reducing the processing load on working memory. The established syntactic and semantic frameworks in long-term memory provide ready-made templates for organizing incoming information, thereby reducing the demand for object-based attention resources during encoding and maintenance. In contrast, the processing of isolated lexical items in the CL condition cannot benefit from such integrative mechanisms. Without meaningful connections between items or support from existing knowledge structures, each word must be maintained as a separate entity in working memory, placing greater demands on object-based attention resources. This explains the higher susceptibility to interference from the Duncan task in the CL condition, as maintaining distinct, unconnected items relies more heavily on attention-dependent working memory processes.



4.4 Integration with working memory models

Our findings can be meaningfully interpreted within the framework of established working memory models, particularly Baddeley’s multicomponent model. The differential attention requirements between CS and CL conditions align with the role of the episodic buffer, which serves as an interface between working memory and long-term memory systems (Baddeley, 2000). The reduced attention dependency we observed in sentence processing suggests that when linguistic input is structured, the episodic buffer can more efficiently bind information through existing language schemas, requiring fewer object-based attention resources. This interpretation is consistent with recent research demonstrating how prior knowledge facilitates working memory processing through more efficient binding mechanisms (Thalmann et al., 2019).

Furthermore, our results extend theoretical understanding of how object-based attention interfaces with semantic processing in working memory. The selective interference pattern we observed supports Cowan’s embedded processes model (Cowan, 2017), which emphasizes the role of attention in maintaining activated representations. Specifically, our findings suggest that object-based attention resources play a crucial role in maintaining individual lexical items as distinct entities in working memory, while sentence-level processing benefits from automated binding mechanisms established through linguistic experience (Majerus, 2019). This differential engagement of attention resources provides new insights into how semantic information is organized and maintained within working memory, suggesting that the hierarchical structure of language can fundamentally alter how attention resources are deployed during semantic processing.



4.5 Second language processing and working memory

Henrich et al. (2010) emphasized the importance of examining cognitive processes across diverse linguistic populations. The current study explores how semantic working memory functions in non-native language processing, particularly in L2 learners. L2 learners in our study showed notable cognitive demands when processing isolated words (CL condition). However, the structured nature of sentences (CS condition) significantly reduced these demands. L2 learners exhibited a clear sentence superiority effect, with sentence processing requiring fewer attention resources than word lists. This pattern of results suggests that mechanisms like syntactic chunking and semantic integration remain effective in L2 contexts, even under increased cognitive load (Kroll and Bialystok, 2013). In summary, these findings demonstrate that L2 learners can optimize cognitive resource allocation through linguistic structure, maintaining performance even under cognitive load. These results suggest that leveraging sentence-level processing may enhance cognitive efficiency in L2 learning and instruction.



4.6 Limitations and future study

Several limitations of the present study should be noted. First, while our results demonstrate how L2 learners utilize sentence structure and deploy attention resources in English verbal working memory tasks, future studies could directly compare L1 and L2 groups to examine potential differences in attention resource allocation and semantic integration strategies between native and non-native speakers.

Second, while our study used the Duncan task to manipulate object-based attention load, future research could employ different types of attention tasks to examine whether the observed effects are specific to object-based attention or generalize to other attention mechanisms. This would provide a more comprehensive understanding of how different aspects of attention interact with semantic processing in working memory.

Third, our study focused on relatively simple sentences and word lists. Future research could systematically vary the complexity of linguistic materials to investigate how syntactic complexity and semantic richness might modulate the relationship between attention resources and working memory processing. This could help clarify whether the reduced attention dependency we observed in sentence processing extends to more complex linguistic structures.

Finally, future studies could explore how individual differences in L2 proficiency and working memory capacity influence the ability to leverage linguistic structure for memory enhancement. This could provide insights into the relationship between language expertise and cognitive resource management in bilingual processing.




5 Summary

In conclusion, the present study demonstrated that object-based attention resources play a crucial role in semantic working memory processing, with their impact being modulated by linguistic context. Our findings revealed a robust sentence superiority effect in L2 learners, indicating that connected sentences are processed more efficiently than lexical lists. Critically, the differential interference patterns observed under the Duncan task suggest that sentence processing relies less on object-based attention resources, likely due to effective semantic chunking and integration with long-term memory. These findings provide new insights into how attention resources are deployed during semantic processing in working memory and extend our understanding of the cognitive mechanisms underlying the sentence superiority effect in second language processing.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: The datasets for this study can be found in the [Open Science Framework] [https://osf.io/v97yc/].



Ethics statement

The studies involving humans were approved by The Institutional Review Board of Ningbo University of Technology. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

TG: Formal analysis, Funding acquisition, Software, Writing – original draft, Writing – review & editing. LY: Data curation, Formal analysis, Writing – review & editing. JH: Methodology, Software, Writing – review & editing. ZX: Funding acquisition, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was supported by Zhejiang Provincial Philosophy and Social Sciences Planning Project (24NDON135YBM, 22NDQN280YB), the Doctor Scientific Research Staring Foundation of Ningbo University of Technology (2010011540011), the Youth Project of Humanities and Social Sciences of Ministry of Education in China (23YJC190030).



Acknowledgments

We would like to express our sincere gratitude to Professor Zaifeng Gao from Zhejiang university for the valuable discussions and insights provided during the course of this research. We are also deeply grateful to the reviewers whose thoughtful comments and constructive feedback significantly improved the quality and clarity of this manuscript. Their careful reading and insightful suggestions helped us strengthen the theoretical foundation and overall presentation of our work. We also wish to thank all the participants who took part in this study. Their time, effort, and cooperation made this research possible. We greatly appreciate their contribution to this work.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Abutalebi, J., and Green, D. (2007). Bilingual language production: the neurocognition of language representation and control. J. Neurolinguistics 20, 242–275. doi: 10.1016/j.jneuroling.2006.10.003

 Allen, R. J., Hitch, G. J., Mate, J., and Baddeley, A. D. (2012). Feature binding and attention in working memory: a resolution of previous contradictory findings. Q. J. Exp. Psychol. (Hove) 65, 2369–2383. doi: 10.1080/17470218.2012.687384

 Altmann, G. T. M., and Kamide, Y. (2009). Discourse-mediation of the mapping between language and the visual world: eye movements and mental representation. Cognition 111, 55–71. doi: 10.1016/j.cognition.2008.12.005 

 Baddeley, A. (2000). The episodic buffer: a new component of working memory? Trends Cogn. Sci. 4, 417–423. doi: 10.1016/S1364-6613(00)01538-2 

 Baddeley, A. D., Allen, R. J., and Hitch, G. J. (2011). Binding in visual working memory: the role of the episodic buffer. Neuropsychologia 49, 1393–1400. doi: 10.1016/j.neuropsychologia.2010.12.042 

 Baddeley, A. D., Hitch, G. J., and Allen, R. J. (2009). Working memory and binding in sentence recall. J. Mem. Lang. 61, 438–456. doi: 10.1016/j.jml.2009.05.004

 Barrouillet, P., Bernardin, S., and Camos, V. (2004). Time constraints and resource sharing in adults' working memory spans. J. Exp. Psychol. Gen. 133, 83–100. doi: 10.1037/0096-3445.133.1.83

 Brainard, D. H. (1997). The psychophysics toolbox. Spat. Vis. 10, 433–436. doi: 10.1163/156856897X00357 

 Camos, V., Mora, G., Oftinger, A. L., Mariz Elsig, S., Schneider, P., and Vergauwe, E. (2019). Does semantic long-term memory impact refreshing in verbal working memory? J. Exp. Psychol. Learn. Mem. Cogn. 45, 1664–1682. doi: 10.1037/xlm0000657 

 Chen, Z. (2012). Object-based attention: a tutorial review. Atten. Percept. Psychophys. 74, 784–802. doi: 10.3758/s13414-012-0322-z 

 Cowan, N. (2017). The many faces of working memory and short-term storage. Psychon. Bull. Rev. 24, 1158–1170. doi: 10.3758/s13423-016-1191-6

 Duncan, J. (1984). Selective attention and the organization of visual information. J. Exp. Psychol. Gen. 113, 501–517. doi: 10.1037/0096-3445.113.4.501

 Faul, F., Erdfelder, E., Lang, A. G., and Buchner, A. (2007). G*power 3: a flexible statistical power analysis program for the social, behavioral, and biomedical sciences. Behav. Res. Methods 39, 175–191. doi: 10.3758/BF03193146 

 Gao, Z., Li, J., Wu, J., Dai, A., Liao, H., and Shen, M. (2022). Diverting the focus of attention in working memory through a perceptual task. J. Exp. Psychol. Learn. Mem. Cogn. 48, 876–905. doi: 10.1037/xlm0001112 

 Gao, Z., Wu, F., Qiu, F., He, K., Yang, Y., and Shen, M. (2017). Bindings in working memory: the role of object-based attention. Atten. Percept. Psychophys. 79, 533–552. doi: 10.3758/s13414-016-1227-z 

 Garnham, A. (1985). Psycholinguistics (PLE: Psycholinguistics): Central Topics (1st ed.). Psychology Press. doi: 10.4324/9780203729946

 Gordon, P. C., Hendrick, R., and Johnson, M. (2001). Memory interference during language processing. J. Exp. Psychol. Learn. Mem. Cogn. 27, 1411–1423. doi: 10.1037/0278-7393.27.6.1411 

 Grundy, J. G., Anderson, J. A. E., and Bialystok, E. (2017). Neural correlates of cognitive processing in monolinguals and bilinguals. Ann. N. Y. Acad. Sci. 1396, 183–201. doi: 10.1111/nyas.13333

 Hagoort, P. (2005). On Broca, brain, and binding: a new framework. Trends Cogn. Sci. 9, 416–423. doi: 10.1016/j.tics.2005.07.004 

 Henrich, J., Heine, S. J., and Norenzayan, A. (2010). The weirdest people in the world? Behav. Brain Sci. 33, 61–83. doi: 10.1017/S0140525X0999152X 

 Jefferies, E., Lambon Ralph, M. A., and Baddeley, A. D. (2004). Automatic and controlled processing in sentence recall: the role of long-term and working memory. J. Mem. Lang. 51, 623–643. doi: 10.1016/j.jml.2004.07.005

 Jeong, J., and Cho, Y. S. (2024). Object-based suppression in target search but not in distractor inhibition. Atten. Percept. Psychophys. 86, 1–27. doi: 10.3758/s13414-024-02905-7

 Johnson, R. E. (1970). Recall of prose as a function of the structural importance of the linguistic units. J. Verbal Learn. Verbal Behav. 9, 12–20.

 Kroll, J. F., and Bialystok, E. (2013). Understanding the consequences of bilingualism for language processing and cognition. J. Cogn. Psychol. (Hove) 25, 497–514. doi: 10.1080/20445911.2013.799170 

 Kučera, H., and Francis, W. N. (1967). Computational Analysis of Present-day American English. eds. Kučera, Henry. cn., Francis, W. Nelson. Brown University Press.

 Lin, Y. T., Kong, G., and Fougnie, D. (2021). Object-based selection in visual working memory. Psychon. Bull. Rev. 28, 1961–1971. doi: 10.3758/s13423-021-01971-4 

 Luck, S. J., and Vogel, E. K. (2013). Visual working memory capacity: from psychophysics and neurobiology to individual differences. Trends Cogn. Sci. 17, 391–400. doi: 10.1016/j.tics.2013.06.006 

 Mack, A., Tang, B., Tuma, R., Kahn, S., and Rock, I. (1992). Perceptual organization and attention. Cogn. Psychol. 24, 475–501. doi: 10.1016/0010-0285(92)90016-U 

 Majerus, S. (2013). Language repetition and short-term memory: an integrative framework. Front. Hum. Neurosci. 7:357. doi: 10.3389/fnhum.2013.00357 

 Majerus, S. (2019). Verbal working memory and the phonological buffer: the question of serial order. Cortex 112, 122–133. doi: 10.1016/j.cortex.2018.04.016

 Marks, L. E., and Miller, G. A. (1964). The role of semantic and syntactic constraints in the memorization of English sentences. J. Verbal Learn. Verbal Behav. 3, 1–5.

 O'Craven, K. M., Downing, P. E., and Kanwisher, N. (1999). fMRI evidence for objects as the units of attentional selection. Nature 401, 584–587. doi: 10.1038/44134 

 Pickering, M. J., and Garrod, S. (2013). An integrated theory of language production and comprehension. Behav. Brain Sci. 36, 329–347. doi: 10.1017/S0140525X12001495 

 Potter, M. C., and Lombardi, L. (1990). Regeneration in the short-term recall of sentences. J. Mem. Lang. 29, 633–654. doi: 10.1016/0749-596X(90)90042-X

 Scholl, B. J. (2001). Objects and attention: the state of the art. Cognition 80, 1–46. doi: 10.1016/S0010-0277(00)00152-9

 Shen, M., Tang, N., Wu, F., Shui, R., and Gao, Z. (2013). Robust object-based encoding in visual working memory. J. Vis. 13:1. doi: 10.1167/13.2.1 

 Susanne, M., Edgar, E., Axel, B., and Franz, F. (2007). A short tutorial of GPower. Tutor. Quantitat. Methods Psychol. 3, 51–59. doi: 10.20982/tqmp.03.2.p051

 Tabachnick, B. G., Fidell, L. S., and Ullman, J. B. (2013). Using multivariate statistics. Boston, MA: Pearson.

 Thalmann, M., Souza, A. S., and Oberauer, K. (2019). How does chunking help working memory? J. Exp. Psychol. Learn. Mem. Cogn. 45, 37–55. doi: 10.1037/xlm0000578 

 Treisman, A., and Zhang, W. (2006). Location and binding in visual working memory. Mem. Cogn. 34, 1704–1719. doi: 10.3758/BF03195932 

 Wan, X., Zhou, Y., Wu, F., He, K., Shen, M., and Gao, Z. (2020). The role of attention in retaining the binding of integral features in working memory. J. Vis. 20:16. doi: 10.1167/jov.20.7.16 

 Wen, Z. (2012). Working memory and second language learning. Int. J. Appl. Linguist. 22, 1–22. doi: 10.1111/j.1473-4192.2011.00290.x

 Zhou, Y., Wu, F., Wan, X., Shen, M., and Gao, Z. (2021). Does the presence of more features in a bound representation in working memory require extra object-based attention? Mem. Cogn. 49, 1583–1599. doi: 10.3758/s13421-021-01183-0 


Copyright
 © 2025 Guo, Ye, Huang and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpsyg-16-1560745-t002.jpg
Condition
cL

sk Task accuracy
With Duncan task 86.94 (112)%
No Duncan task -
With Duncan task 8638 (1.13)%
No Duncan task

Mean percentage scores
47.8(2.05) %
60.52(2.73) %
67.85(3.07) %

70.68 (2.59) %





OPS/images/fpsyg-16-1560745-g003.jpg
@
3

™
S
%

Task cost (%)
°

R
R

&
2

cL Cs
Condition






OPS/images/fpsyg-16-1560745-t001.jpg
Numbers of words Score

Participants Constrained lists Constrained sentences Constrained lists ~ Constrained sentences

Baddeley e Native speaker 6 words 8 words 5.18(1.22) 7.20 (104)

Currentstudy | Englishlearners | 5 words 6 words 253(1.34) 373 (169)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The role of object-based attention in semantic working memory



		1 Introduction



		2 Methods



		2.1 Evaluation of experimental materials



		2.1.1 Participants



		2.1.2 Apparatus and materials



		2.1.3 Design and procedure









		2.2 Main experiment



		2.2.1 Participants



		2.2.2 Apparatus and materials



		2.2.3 The Duncan task



		2.2.4 Design and procedure









		2.3 Data analysis









		3 Results



		4 Discussion



		4.1 The sentence superiority effect in memory performance



		4.2 Differential effects of object-based attention load



		4.3 Semantic integration with long-term memory



		4.4 Integration with working memory models



		4.5 Second language processing and working memory



		4.6 Limitations and future study









		5 Summary



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		References



















OPS/images/fpsyg-16-1560745-g001.jpg
B. Au

ry Stimuli

Constrained word List
0o Costrained Seooesics Constrained Word List Constrained Sentence

athlete rapidly Lucy rapidly gave
fﬂ)) Lucy large red ) the large book
10 the athlete.

Fixation
200 ms

Box-line
200 ms

Report 1
Until 2000 ms

Report 2
Until 2000 ms





OPS/images/fpsyg-16-1560745-g002.jpg
8

Percent score (%)
8 28

1 I I
cU cs

Condition

DuncanTask B With Duncan task B Without Duncan task






OPS/images/cover.jpg
, frontiers | Frontiers in Psychology

The role of object-based
attention in semantic working
memory












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Psychology






