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Abstract
There is a wealth of evidence demonstrating that executive function abilities (EF) are positively associated with language development during the preschool years, such that children with good executive functions also have larger vocabularies. However, why this is the case remains to be discovered. In this paper, we focus on the hypothesis that sentence processing abilities mediate the association between EF skills and receptive vocabulary knowledge, in that the speed of language acquisition is at least partially dependent on a child's processing ability, which is itself dependent on executive control. We test this hypothesis in longitudinal data from a cohort of three- to four-year-old children at three ages (37, 43 and 49 months). We find evidence, consistent with previous research, for a significant association between three EF skills (cognitive flexibility, working memory (as measured by Backward Digit Span) and inhibition) and receptive vocabulary knowledge across this age range. However, only one of the tested sentence processing abilities (the ability to maintain multiple possible referents in mind) significantly mediated this relationship, and only for one of the tested executive functions (inhibition).  The results suggest that children who are better able to inhibit incorrect responses are also better able to maintain multiple possible referents in mind while a sentence unfolds, a sophisticated sentence processing ability which may facilitate vocabulary learning from complex input. 
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Highlights

· In a large (N=75) longitudinal cohort of 3-4 year old children learning British English in the UK, we explored whether sentence processing abilities mediate the association between EF skills and receptive vocabulary knowledge 
· We find evidence for a significant association between three EF skills (cognitive flexibility, working memory and inhibition) and receptive vocabulary knowledge
· However, only one of the tested sentence processing abilities (the ability to maintain multiple possible referents in mind) significantly mediated this relationship, and only for one of the tested executive functions (inhibition).  
· Children who are better able to inhibit incorrect responses are also better able to maintain multiple possible referents in mind while a sentence unfolds.


How Executive Function, Sentence Processing, and Vocabulary are Related at Three Years of Age
Executive function (EF; sometimes called cognitive or executive control) is an umbrella term referring to the abilities implicated in tasks that require individuals to regulate and control their behavior (for example, paying attention, organizing, planning and self-monitoring; Wiebe et al., 2011).  Executive functions are positively associated with language development in childhood, in that children with good executive functions tend to have larger vocabularies across the preschool and early school years. This applies to both children with language disorders (Henry et al., 2012; Wittke et al., 2013) and those without (Carlson et al., 2005; Fuhs & Day, 2011; Gathercole & Pickering, 2000; Kuhn et al., 2016; O’Neill & Miller, 2013; Weiland et al., 2014). 
However, the underlying cause of the association between executive function and language is still not clear.  Bishop et al. (2014) proposed three possible models. One is that some children develop faster than others across the board. In this view, there is no direct or indirect causal relationship between the development of executive function and language; they simply grow in synchrony (for example, as a result of development of the frontal lobes). A second is that there is a direct causal relationship in which having a larger vocabulary promotes executive function (e.g., Kuhn et al., 2014). For example, some have suggested that vocabulary supports the development of EF by facilitating the creation of rules and symbols that allow children to create internal representations, hence enhancing their ability to monitor their own behavior (Jones et al., 2020; Zelazo & Frye, 1998).
There is, however, a third possibility, which is the focus of the present paper. This is the idea that as EF skills develop, these developments have a direct effect on children's ability to learn language by enabling them to process the incoming input faster and more efficiently (e.g., Diamond, 2013; Weiland et al., 2014). On this view, the speed of language acquisition is at least partially dependent on a child's processing ability, which is itself associated with executive function ability. Language acquisition by children often seems effortless to observers, but, in fact, it is underpinned by a number of online processing tasks, all of which impose a certain level of cognitive load. For example, in order to learn from the input, children have to be able to sustain attention to the stimuli, rapidly switch attention between multiple streams of information (from visual to auditory cues and back again in spoken language; e.g., Yu et al., 2019), retain information in phonological working memory (Gathercole & Baddeley, 1993) and monitor and rapidly update incorrect inferences (Diamond, 2013; Weiland et al., 2014). All of these processing tasks recruit, and are, thus, dependent on, the same executive function mechanisms (including working memory, inhibition, and cognitive flexibility) that govern the regulation and control of behavior in both adults (Huettig & Janse, 2016; Nozari et al., 2016; Vuong & Martin, 2014) and children (Khanna & Boland, 2010; Woodard et al., 2016). Thus, developing language is inherently reliant on successful online sentence processing strategies, many of which are themselves reliant on executive functioning. And executive functioning is, itself, developing during this period.
   It has proven challenging to develop a comprehensive theory of executive function development, partly because it is not always clear what functions different tasks tap into and partly because it is not yet clear whether executive functions in the preschool years reflect a single unitary factor (e.g., Wiebe et al., 2011) or diverse but correlated latent factors (e.g., Camerota et al., 2020). However, it is clear that children’s executive function ability develops rapidly in the preschool and early school years, from the ability to solve simple tasks such as inhibiting a motor response or keeping strings of increasing length in working memory, to mastery of more complex control tasks such as the development of complex rules that control two or more responses (see Best & Miller, 2010, for a developmental review). 
At the same time, children’s processing abilities are developing in tandem with executive functioning, such that faster processors tend to have better performance on EF tasks (Willoughby et al., 2020). In fact processing speed has been argued to underin performance on many, if not all, EF constructs (e.g., working memory, Fry & Hale, 1996) as well as how EF relates to academic achievement (e.g., Gordon et al., 2018). Similarly, online processing abilities are also associated with vocabulary development (Borovsky et al., 2012; Fernald et al., 2006; Fernald & Marchman, 2012). For example, in Fernald and Marchman’s (2012) longitudinal study of typically-developing children and late talkers, children who were faster to recognize words in sentences in a looking-while-listening task at 18 months (e.g., faster to look at the ball when asked to ‘look at the ball’) were more likely to show accelerated vocabulary growth compared to their counterparts with slower processing speed. Borovsky, Elman and Fernald (2012) reported similar results in a sentence processing task; they found that children’s vocabulary size, not age, was related to their ability to predict referents in an upcoming speech stream. 
This sentence processing task of Borovsky et al. (2012) is of particular interest because it measured children’s ability to integrate information from two elements in a sentence in order to successfully predict a third, an ability which may well rely on good executive functioning.  In this task, children's eye movements were tracked using an eye tracker while they saw four pictures on a screen and listened to sentences. For example, children might hear The pirate hides the treasure, and see images of the treasure (target), a ship (agent-related foil), bones (action-related foil) and a cat (unrelated foil). Eye movements were analyzed after the verb was heard but before the onset of the final noun (treasure). The key ability tested was whether participants made anticipatory looks at the target image (treasure) before the onset of the target word itself. In other words, could children correctly anticipate the identity of the final noun in the sentence by integrating information from the agent and action words? Borovsky et al. reported that even 3-year-old children made successful predictions, but, importantly, those children who were better able to predict the identity of the target image had better age-normalized scores on a test of receptive vocabulary.
Crucially, relying on information from the action or agent word alone did not provide sufficient information for target identification in this task, since two of the foils were associated with these elements (pirate is also associated with ship, and hide is also associated with bones). Instead, in order to anticipate the target, the children had to perform a “complex calculation of higher order contingencies among the agent, action, and patient” (Borovsky et al., 2012: 13), which required them to integrate information from not only the agent and action, but also from their real-world knowledge of events and situations (that pirates are more likely to hide treasure than they are to hide bones or cats). And they had to do this quickly. It is, thus, highly probable that such complex sentence processing tasks are, at least in part, reliant on children having good executive functioning ability.  
In sum, children with good executive functioning should be faster at processing sentences, and those children who are faster at processing sentences should be able to learn more words, more rapidly, and thus develop a larger lexicon.  We suggest that this might be a (partial) explanation of the association between executive function ability and language in early childhood. In other words, we predict that the association between EF and language will be (at least partially) mediated by children's online language processing ability.  
We test this hypothesis using longitudinal data from 3- to 4-year-old children (aged 37, 43 and 49 months of age). At each age point, we collected measures of receptive vocabulary, executive function ability (cognitive flexibility, working memory, inhibition) and sentence processing abilities. To measure executive functioning, the children took part in three executive function tasks (that measured, respectively cognitive flexibility, working memory and inhibition) at each of the three age points (37, 43 and 49 months). Tasks were chosen based on Carlson’s, (2005) review of developmentally-sensitive EF tasks. Within the literature, there is debate about whether the different components of EF reflect a single unitary EF ability in the preschool years or whether they are distinct but correlated abilities, with different components developing at different rates  (see Best & Miller, 2010). As a result, we pre-registered a confirmatory factor analysis to determine whether performance on our tasks could be best described as an underlying unitary latent EF ability or three separate, but related components.  To foreshadow the results, we did not find evidence for a latent variable, so we continued the analyses using the separate EF tasks. 
To measure sentence processing, we used the same task as Borovsky, et al. (2012), described above, and calculated two different types of anticipatory eye movements. First, we calculated the anticipatory looks that the children made to the target image (treasure in the example above) before hearing the target noun. This measures integration ability because it is only by integrating information from both the agent and verb (by paying attention to both pirate and hides) that it is possible to identify the likely target (treasure) rather than the other items (ship, bone, which are associated with either pirate or hide but not both). We suggest that children who possess better EF abilities should be more likely to integrate information from the agent and verb to successfully predict the identity of the target. Second, we calculated the anticipatory looks that children made to the agent-related distractor (ship) before hearing the target noun, as a proportion of all the looks to the distractors (i.e., excluding looks to the target). This measures maintenance ability; the ability to simultaneously keep (or maintain) a plausible alternative referent in mind, which, we argue, is a useful sentence processing skill in cases where the listener has mis-parsed the speech stream. We suggest that children who possess better EF abilities should be more able to maintain the identity of the agent as a potential target, and thus look more at the agent-related distractor than the other distractors (see Woodard et al., 2016, who demonstrated that EF abilities are related to comprehension of garden-path sentences in children, which require a similar kind of ability).  

Method
Participants
The data presented here comes from The Language 0-5 Project, a large longitudinal project that tracked the language development of a cohort of 95 children based in North West England (United Kingdom) from 6 to 54 months of age. At the time of recruitment, all infants were typically developing, born full-term, and none were low birth weight. Over the course of the project, participants took part in regular testing at specified age points, approximately 3 to 6 months apart. 
The tasks discussed in the present paper were administered at three ages points: 37 months (Mean age = 37;13, range = 36;29 – 38;03, N contributing data to at least one task = 73 (38 girls), 63 of whom took part in the sentence processing task), 43 months (Mean age = 43;14, range = 42;12 – 44;05, N = 75 (39 girls), 65 in the sentence processing task), and 49 months (Mean age = 49;17, range = 48;17 – 50;09, N = 71 (37 girls), 59 in the processing task).  These ages were chosen because the predictive sentence processing task of Borovsky et al. (2012) demonstrated anticipatory looking from three years of age and the same task was used here to assess the children's sentence processing abilities. At each age point, we collected data on receptive vocabulary, EF, and sentence processing abilities.  
Stimuli and Procedure
British Picture Vocabulary Scale 3rd edition (BPVS-3)
The BPVS is a standardized measure of receptive vocabulary size, normed with 3- to 16-year-old British English learning children, with good reliability and validity (Dunn et al., 2009). Children are asked to point to the picture that best matches a word’s meaning from an array of four images. A stopping rule is applied when children respond incorrectly to eight or more target items in a set (there are 14 sets and each contains 12 arrays/target items). Our analyses used total raw score, which is calculated by summing the total number of correct picture choices made by the child before the stopping rule is applied. 
Executive function battery
In order to choose EF tasks that were both suitable for children at this young age (3-4 years old) and measured core abilities of executive function, we reviewed the literature on executive function in preschoolers. We used, in particular, Carlson (2005), which provides an extensive analysis of a number of EF tasks, detailing which tasks are most reliable and discriminatory in preschool children, and distinguishes between different difficulty levels (e.g., demonstrating that preschoolers find the monkey-crocodile inhibition task easier than Simon says).  We chose three different EF tasks that primarily measure three core abilities of executive function (e.g., Best & Miller, 2010; Hughes, 1998); the Dimensional Change Card Sort (DCCS) task that primarily measures cognitive flexibility, the Forward Digit Span (FDS) task that primarily measures working memory, and the Monkey-Crocodile/Simon-says (Monkey-Croc) task that primarily measures inhibition (note that no single task can ever be a pure test of a particular executive function). 
In older children and adults, it has been argued that Forward Digit Span is not a working memory task because it can be passed using basic recall unless a distractor is introduced.  This is not the case for young preschoolers, for whom other tasks are also too difficult (e.g., Backward Digit Span includes inhibition as well as working memory demands; Carlson, 2005).  However, we added two additional working memory tasks to the later age points; the Backward Digit Span from the British Ability Scales-3 was administered at 43 and 49 months and the Corsi Blocks task described in Farrell Pagulayan et al. (2006) was administered at 49 months.  Neither was administered at 37 months as these tasks are too difficult for children that young (and, in fact, the results for the Backward Digit Span at 43 months were at floor, see later).
The tasks were always presented in the same order for all children at all age points: FDS-> BDS (at 43 and 49 months), Monkey-Croc -> DCCS -> Corsi Blocks (at 49 months). All items were scored online and were checked offline (using video recordings of the session) where necessary.
Cognitive flexibility (shifting) - Dimensional Change Card Sort. In this task, children are required to place cards into one of two boxes based on a specific feature of the image. Over the course of the task, the sorting rule changes, requiring the child to shift their response accordingly. We followed the procedure outlined by Zelazo (2006) in which test trials are administered at levels of increasingly difficulty, with each level introducing a new, more difficult, change to the sorting rule. Children were introduced to two boxes; one had a card with a blue rabbit attached and one had a card with a red boat attached. The experimenter first explained that they were going to play a color game, where they were going to sort the cards into the two boxes by their color (red or blue). Children first completed two practice trials, one for each color. At level 1 (six trials), the experimenter presented a card to the child, described it using the color feature, and asked the child to place it in one of the boxes (e.g., Here’s a blue one. Where does it go?). After all six level 1 trials, the experimenter introduced the first rule change (level 2), explaining that they now needed to sort the images by shape (boat or rabbit). This was followed by six level 2 test trials where the experimenter presented a card to the child, described it using the shape feature and asked the child to place it in one of the boxes (e.g., This is a rabbit. Where does it go?). At the 43 and 49-month data point, the experimenter introduced the third, more complex, rule change in which the cards were to be sorted according to the presence or absence of a star on the card; cards with a star were sorted by the color feature and cards without a star were sorted by the shape feature. Again, six level 3 test trials were administered. An item was considered correct if the child placed the card in the correct box.
Working memory – Forward Digit Span. We administered the Forward Digit Span task from the British Ability Scales-3, a standardized test with good validity and reliability (Elliot & Smith, 2012). The task consisted of eight blocks of digits that the experimenter read out loud and then asked the children to repeat (36 items in total).  The items increased in difficulty in eight levels, from level 1 (in which items were two digits long) to level 8 (nine digits long). First the experimenter used a puppet to demonstrate how to play the game, and then asked the child to play the game like the puppet.  The experimenter said ‘ready’ prior to each item and read each sequence at a pace of two digits per second with a drop in intonation for the last digit. The test was administered with a basal rule (administer first item in each block until this item is failed, then go back and administer items in previous block) and a stopping rule (when basal is established, continue forward on all administered items until the child completes a block with no more than one pass). Items were marked correct if the child repeated all digits in the correct order.
Working memory – Backward Digit Span. The Backward Digit Span task was identical to the Forward Digit Span test, but the children were asked to repeat the digits in reverse order.  The task consisted of 25 items in five blocks that increased in difficulty, from level 1 (items were two digits long) to level 5 (eight or nine digits long). Items were marked correct if the child repeated all digits in the correct reverse order.  The task proved too difficult for the 43-month-olds (all children scored 0 except for one who accurately repeated one item only) so we report the results from BDS at 49 months only. 
Working memory – Corsi Blocks. The Corsi Block task (Farrell Pagulayan et al., 2006) is a test of non-verbal (visuo-spatial) working memory.  Nine identical wooden blocks are placed in front of the child in a grid. The experimenter taps/points to certain blocks in order and the child is asked to point to the blocks in the same order.  The task consisted of 45 items which increased in difficulty in nine levels, from level 1 (five items in which one block was tapped) to level 9 (five items in which nine blocks were tapped). The test was administered with a basal rule (administer first item in each block until this item is failed, then go back and administer items in previous block) and a stopping rule (when basal is established, continue forward on all administered items until all items in a block are failed and then stop). Items were marked correct if the child tapped all blocks in the correct order.
Inhibition – Monkey-Crocodile/Simon-says. This task was the modified version of the graded bear-dragon task described by Meuwissen and Carlson (2015). It requires children to inhibit a response in some cases but not in others.  The test contained 80 items in eight levels of increasing difficulty, with difficulty determined by the performance data from preschoolers reported in Meuwissen and Carlson (2015). There were 10 trials in each level: 5 action trials and 5 inhibition trials, although only inhibition trials were scored. First, in a warm-up phase, the experimenter checked that the child was comfortable with all the actions required (e.g., touch your nose). Then the experimenter went through the eight levels. Each level began with practice trials, where incorrect responses were corrected up to four times, followed by test trials. In test trials, children were given two attempts to follow each instruction, with the experimenter waiting four seconds for a response. 
The initial four levels of the task were administered with the support of two puppets, a ‘nice’ monkey and a ‘not very nice’ crocodile. Children were encouraged to do what the monkey said and not do what the crocodile said (inhibit the response). The task became harder throughout the levels (for example, at level 1 all the action trials were presented first followed by the inhibition trials, at level 4 the inhibition and action trials were presented in turn).  Levels 5 to 8 followed the traditional Simon-says game format in which children had to follow only a verbal prompt, which is harder for preschool children than the monkey-crocodile task (Carlson 2005).  They were told to follow instructions that started with ‘Simon says’ but to not follow (inhibit the response) when the experimenter did not say ‘Simon says’. Again, the task became more difficult as the children advanced through the levels (e.g., at level 5 the experimenter provided both verbal and visual cues, at level 8 only the verbal cue was provided). Only inhibition responses were scored; items were marked correct if the child correctly inhibited their response. 
Scoring. The literature reports a range of different practices for scoring preschool children's performance on executive function tasks (e.g., highest level achieved, raw score, scaled score).  Because our tasks were designed in levels of increasing difficulty, we used a proportional scaled score, which credited children with higher scores for passing items at more difficult levels. For each correct item, the raw score was multiplied by the level at which it was administered. For example, items at level 1 were multiplied by 1, and items at level 3 were multiplied by 3.  Then we calculated proportional scaled scores (scaled score / total possible scaled score) for each child for each task. Using proportional scores facilitates direct comparison across tests across ages (the tests contained very different total numbers of items, and for the DCCS task, we only administered two of the three possible levels to the 37-month-olds). 
Sentence Processing Task
This task was a replication of Borovsky et al. (2012) in which children's eye movements were tracked using an eye tracker while they saw four pictures on a screen and listened to sentences. For example, children might hear The pirate hides the treasure, and see images of the treasure (target), a ship (agent-related foil), bones (action-related foil) and a cat (unrelated foil). Eye movements were analyzed in the period following the verb and before the onset of the final noun (treasure). 
Speech stimuli. At all three age points, we presented the same 32 sentences used by Borovsky et al. (2012; see Supplementary Information, Table S1 for a full list of sentences). The sentences were recorded by a female native speaker of British English with a local accent that would be familiar to all participants, and who spoke with a child-directed intonation. Recordings were made using Audacity and processed using Praat (Boersma, 2001). Sentences were modified so that the onsets were matched for the first article (2000ms), agent word (2220ms), action word (3180ms), second article (4387ms), and target word (4480ms). Pitch and volume were normalized. Two counterbalance orders were created, each containing 16 of the 32 possible sentences to ensure that no agents or verbs were repeated within participants. Participants were randomly assigned to one counterbalance order at each age point.
Visual stimuli. The images were prototypical exemplars of each object, one shown in each quarter of the screen. Images depicted the target, an agent-related distractor, an action-related distractor, and an unrelated distractor. Images were located in the corner of each quarter on a white background measuring 400 x 400 pixels.
Procedure. During the experiment, children typically sat in a car seat with their caregiver standing behind them, or on their caregiver’s lap. They were positioned approximately 60cm away from a 17” LCD monitor attached to an adjustable arm mount. An Eyelink 1000+ eye tracker (SR Research: Ottawa, Ontario, Canada) was used to present the stimuli and record eye movements. The speech stimuli were presented in stereo from speakers situated at either side of the monitor. 
During set up, the child watched a short, animated cartoon on screen with engaging music but no speech, which was followed by a manual 5-point calibration in which children saw a looming black and white circular shape accompanied by a twinkly sound. Following successful calibration, a centrally positioned gaze-contingent attention getter appeared on screen. This helped minimize trial loss due to inattention (Delle Luche et al., 2015). After a continuous fixation of 400ms, a trial began. Caregivers were instructed to engage minimally with their child and not to name the images or to talk during the task unless necessary (e.g., if the child was distressed). 
Each trial consisted of a display of 4 images located in the four corners of the screen presented for 8000ms and an audio-recorded sentence time-locked to begin 2000ms after the images appeared. Each participant viewed 16 trials, with each quartet of images presented twice, each time with a different agent and verb included in the sentence. During presentation the experimenter recorded, for each trial, whether a trial was usable or unusable. Trials were coded as unusable if there was parental interference or audible disruption during any part of the sentence (e.g., talking, crying, or distortion to the sound). During the lab visit, parents completed a checklist containing all targets and foils presented during the task to indicate which of these words their child understood.
Scoring. Eye movements were recorded using the Eyelink 1000+ eye tracker in remote mode, in which head and eye movements are monitored using a target sticker positioned on the forehead of the participant prior to calibration. This provides stable eye tracking for child participants as it allows for some movement of the head in relation to the camera. Eye movements were recorded for the full duration of each trial, and the default settings of the Eyelink system were used to identify saccades, fixations, and blinks. Interest areas were added using DataViewer, the custom software designed for working with the Eyelink eye trackers, and captured the full area covered by each image. Data were extracted at the sample level with one sample every 10ms and included information about the Interest Area in which the gaze was located for each sample. Samples were only included if they formed part of a continuous fixation lasting 100ms or longer (Casillas & Frank, 2017). Shorter fixations were not included in analyses of looking time. Following fixation identification, individual trials were excluded according to the following criteria, applied in this order: a) at least one of the key words (agent, action, patient) included in the sentence was not understood by the child based on the checklist completed by the parent, b) the trial was marked as unusable by the experimenter during the testing session, c) there were no fixations in any of the Interest Areas for the duration of the trial. Participants were excluded if they failed to provide looking time data for 50% of total trials (i.e., for eight trials). After application of the inclusion criteria, we retained data from 63 participants at 37 months, 65 participants at 43 months, and 59 participants at 49 months.
We included looks during a time window that began 300ms after the onset of the verb and ended at the onset of the target word. The 300ms delay ensures that only shifts in response to the speech stimuli are included in the analyses (Swingley et al., 1999). During this time window, children have access to sufficient information to accurately identify the target but have not yet heard it labelled. 
Integration ability was calculated in two ways 1) the proportion (target/target+distractors) of time spent looking at the target image after the onset of the verb (+300ms) but before the onset of the target noun (logit transformed) and 2) the latency of initial saccades (i.e., speed to orientate to) to the target image after the onset of the verb (+300ms) before the onset of the target noun (log transformed). The latency score can only be calculated on trials where the child is not looking at the target image at the onset of the time window of interest. Following the speed of processing literature (e.g., Peter et al., 2019), we only included data from participants with at least two trials where a latency score could be calculated. 
Maintenance ability was calculated as the proportion of time (logit transformed) spent looking at the agent-related image after the onset of the verb (+300ms) but before the onset of the target noun, expressed as a proportion of time looking at all distractors (excluding target. i.e. agent-related distractor/all distractors). 
Analysis
All analyses were conducted in R version 4.0.4 (R Core Team, 2021). All outliers were included, unless it was determined that the data reflected experimenter/participant error (i.e., an impossible value such as a score of 80 on a 70-point scale). All participants who provided at least one data point for the EF battery, BPVS and sentence processing task were included. 
A preregistration of our analysis, as well as analysis code, data and output are available on our OSF project page (https://osf.io/zqmf2/). For full disclosure, the current paper includes some preliminary growth curve analyses that were not pre-registered but have been added in response to reviewer comments, as well as some exploratory analyses.  Note too that we pre-registered some ancillary analyses (a conceptual replication of Borovsky et al.'s main finding of vocabulary and age predicting integration scores, and a correlation between scores on our EF battery and on the BRIEF-P executive function checklist), which we do not present here. 

Results
We present results in the following order: 1) preliminary analyses, 2) effect of EF on vocabulary size and growth over time, and 3) the results testing our primary hypothesis that sentence processing ability (integration and maintenance) mediates the relationship between receptive vocabulary and executive function. We finish with 4) exploratory analyses.  The code for all analyses can be found on the OSF project page (see link above).
Preliminary analysis 
Table 1 shows the descriptive statistics for the EF and vocabulary measures, illustrating the mean (and standard deviation) proportional scaled score for each EF task and the raw mean scores (and standard deviation) for the vocabulary task. Figure 1 shows the scores for vocabulary and the three EF tasks for which we have data at all three age points in graphical form, demonstrating age-related changes. Figure 2 shows the scores for the three measures taken from the sentence processing task across age, illustrating the mean proportion of anticipatory looks to the target image (integration measure 1) and agent-related distractor (maintenance measure), and the mean latency to the target after the onset of the verb (integration measure 2).
Table 1
Mean (SD) proportional scaled scores on the EF battery and raw scores on the vocabulary (BPVS) task at each age point. DCCS = Dimensional Card Sort Task; FDS = Forward Digit Span, BDS = Backward Digit Span, Corsi = Corsi Blocks; Monkey-Croc = Monkey-crocodile & Simon Says; BPVS = British Picture Vocabulary Scale)
	Age point
	Cognitive flexibility 
	Working memory
	Inhibition 
	Vocabulary 


	
	DCCS
	FDS
	BDS
	Corsi
	Monkey-Croc
	BPVS

	37 months
	0.53 (0.27)
	0.13 (0.07)
	--
	--
	0.18 (0.18)
	48.3 (14.6)

	43 months
	0.61 (0.16)
	0.17 (0.08)
	0.0002 (0.002)
	--
	0.36 (0.22)
	58.6 (13.3)

	49 months
	0.66 (0.16)
	0.20 (0.09)
	0.01 (0.03)
	0.08 (0.04)
	0.51 (0.17)
	70.4 (13.5)






Figure 1

Longitudinal results from three executive function tasks and the vocabulary task by age. Age is shown in days (the first set of points represents data take at the 37 month age point, the second at 43 months, the third at 49 months). Each point indicates performance by one child. The line is a polynomial regression line, with the 95 percent confidence interval band indicated in grey.  The figure shows proportional scaled scores for the executive function tasks and raw scores for vocabulary.
[image: ]


Figure 2
Results from the sentence processing task: Proportion of Looks to the Target (Integration:prop), Latency (speed) of First Look at the Target (Integration:latency), and Proportion of Looks to the Agent-related Distractor (Maintenance), by age in days. Each point indicates performance by one child. The line is a polynomial regression line, with the 95 percent confidence interval band indicated in grey.  The figure shows true scores; transformed scores were used in the analysis. (Ns: 37M = 63, 43M = 65, 49M = 59)
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Growth over time 
We used growth curve modelling to explore age-related changes in vocabulary, in sentence processing, and in the executive function tasks for which we had data at three age points in more detail. In particular, we were concerned with determining whether task performance was best fitted by a linear or quadratic age curve, as this affects the types of analyses we can perform.  We ran mixed effects models predicting task performance from linear age, and, using ANOVA, compared them to models that predict task performance from both linear and quadratic age.  For all analyses, we used age in days as the predictor to add precision. In each case, we used the nloptwrap optimization algorithm and ML estimation (Zuur et al., 2009). We determined that the quadratic model was a better fit to the data if the AIC scores for the models including quadratic and linear age were more than two units lower than the models including only linear age only.  For the executive function tasks and vocabulary, the models that converged included random effects of participant and random slopes for linear age by participant. For the sentence processing tasks the models that converged included only random effects of participant but note that the integration models also yielded singular fits (see below). 



Table 2
Results of the Models predicting Flexibility (DCCS), Working memory (FDS) Inhibition (Monkey-Croc) and Vocabulary (BPVS) from Linear age. Quadratic age is included only for DCCS since it did not add additional variance in the other models.

	
	Flexibility (DCCS)
	Working Memory (FDS)
	Inhibition 
(Monkey-Croc)
	Vocabulary (BPVS)

	(Intercept)
	0.60***
	0.16***
	0.32***
	58.64***

	
	[0.56, 0.63]
	[0.15,0.18]
	[0.28-0.36]
	[55.40,61.63]

	Linear Age
	0.76***
	0.39***
	1.78***
	129.79***

	
	[0.44-1.15]
	[0.30, 0.52]
	[1.45-2.05]
	[116.37,146.34]

	Quadratic Age
	-0.12
	
	
	

	
	[-0.47-0.19]
	NA
	NA
	NA

	Num.Obs.
	211
	208
	206
	208

	R2 conditional
	0.42
	0.69
	0.58
	0.80

	R2 marginal
	0.06
	0.10
	0.31
	0.29

	AIC
	-82.7
	-512
	-118
	1588

	BIC
	-60.1
	-492
	-97.6
	1608

	Note. + = p < 0.1, * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Bootstrapped 95% confidence intervals are in parentheses.
	




Full results of the best fitting models (linear or quadratic) for executive functions and vocabulary are presented in Table 2 (see also Figure 1).  For all executive function tasks and for the BPVS vocabulary task, there was a main effect of linear age, suggesting that performance improved between 37 and 49 months. For FDS, Monkey-Croc and BPVS, the best fitting model included linear age only, suggesting steady growth over time.  For the DCCS task, although adding quadratic age did not explain significantly more variance, the model including both linear and quadratic age was a better fit to the data (AIC linear age = -81.52, AIC linear + quadratic age = -92.52). From Figure 1, we can see that this is because the rate of growth slows down marginally over time. 

Table 3
Results of the Models predicting Integration: Prop, Integration: Latency and Maintenance  from Linear Age. Quadratic Age is not included as it did not explain additional variance.

	
	Integration 
(Prop looks to target)
	Integration (Latency)
	Maintenance (Prop. looks to agent-related distractor)

	(Intercept)
	-0.67***
	6.53***
	-0.56

	
	[-0.73, -0.60]
	[6.49-6.55]
	[-0.65,-0.47]

	Linear Age
	-0.07
	-0.05
	0.95

	
	[-1.07-1.01]
	[-0.56-0.48]
	[-0.01,1.99]

	Num.Obs.
	192
	186
	192

	R2 conditional
	NA!
	NA!
	0.31

	R2 marginal
	0.00009
	0.0003
	0.02

	AIC
	282
	-12
	290

	BIC
	295
	0.89
	310

	Note. + = p < 0.1, * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Bootstrapped 95% confidence intervals are in parentheses. ! = random effect variances not available due to singular fit



For the three sentence processing measures, none of the models yielded significant effects of either linear or quadratic age (see Table 3 and Figure 2) indicating that there was no improvement in performance with age. However, for the two integration measures, even the simplest models yielded singular fits, suggesting overfitting. Thus, to confirm the results, we also ran fixed effects models (repeated measures ANOVAs; as suggested by Oberpriller et al., 2022, in the case of singular fits). These too yielded no significant effect of age (Integration: Proportion Looks: F = 0.94, df = 2,92, p = .94; Integration: Latency: F = 2.38, df = 2,86, p = .10). Since all tasks show strong linear effects of age, with a small effect of quadratic age only for the DCCS task, all subsequent analyses used linear models. 
Confirmatory factor analysis
Because there is doubt about whether EF represents a unitary or multicomponent ability in preschoolers, we pre-registered confirmatory factor analyses to determine whether performance on the executive function tasks can be best described as representing an underlying unitary latent EF ability or three separate, but related components. We ran CFAs for the three tasks for which we had longitudinal data both at separate age points and longitudinally across age (analysis output can be found on the project OSF page, link above). Unfortunately, the age-specific analyses were saturated, and the longitudinal analysis yielded error messages that indicated the model had not properly converged, both of which meant that we could not extract overall fit statistics from any of the models. However, the results suggested that there was no good evidence that the data were best represented by a unitary factor (e.g., very high correlations within tasks across age and low correlations across tasks within age, latent factors explained very little of the variance of performance on each task; see Willoughby et al., 2014, for a similar conclusion). As a result, we ran separate analyses for each component task of the EF battery[footnoteRef:1]. [1:  We originally included the scores of a parent report executive function instrument (the BRIEF-P) in the CFA analyses but removed them at the request of a reviewer. Those analysis converged, and the overall fit statistics also did not point to a unitary latent variable.] 

Effect of executive function on vocabulary 
The hypothesis that processing speed will mediate the relation between executive function and vocabulary assumes that there is a relationship between EF and vocabulary to be explained. To check whether this was the case, for those EF tasks for which we had data from three age points (cognitive flexibility, working memory as measured by FDS and inhibition), we ran linear mixed effects models. Centered proportional scaled EF score and centered age (in days) were predictors (log age in days for FDS due to a scaling warning) and raw vocabulary (BPVS) score was the outcome variable.  The models that converged included random effects of participant. For Backward Digit Span and Corsi Blocks, for which we had reliable scores only at 49 months, we ran linear regressions, with centered proportional scaled scores as predictors and raw vocabulary score as the outcome variable. 
Results are presented in Tables 4 and 5. There were significant positive effects of cognitive flexibility, working memory as measured by the Backward Digit Span at 49 months, and inhibition (Monkey-Croc) on vocabulary.  There was no effect of working memory as measured by the Forward Digit Span or the Corsi Blocks task. For those tasks for which we had longitudinal data, there were main effects of age but no interactions between executive function and age.  



Table 4
Results of the Models predicting Vocabulary from Age in days and Flexibility (DCCS, Model 1), Working memory (FDS, Model 2) and Inhibition (Monkey-Croc, Model 3). 

	
	1. Cognitive Flexibility (DCCS)
	2. Working Memory (FDS)
	3. Inhibition (Monkey-Croc)

	(Intercept)
	58.69***
	58.63***
	58.52***

	
	[56.23,61.61]
	[55.50, 61.65]
	[55.33-61.11]

	EF task
	9.79*
	15.14
	8.51*

	
	[1.34-15.76)
	[-10.22, 33.06]
	[0.22-17.67]

	Age in days
	0.06***
	79.95***
	0.06*

	
	[0.05-0.07]
	[68.08,90.37]
	[0.05-0.07]

	EF*Age in days
	0.01
	-55.04
	-0.008

	
	[-0.04, 0.05]
	[-208.35,106.79]
	[-0.05-0.04]

	Num.Obs.
	208
	205
	203

	R2 conditional
	0.78
	0.77
	0.77

	R2 marginal
	0.31
	0.30
	0.30

	AIC
	1600
	1551
	1567

	BIC
	1620
	1571
	1586

	Note. + = p < 0.1, * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Bootstrapped 95% confidence intervals are in parentheses. 






Table 5
Results of the Linear Regression Models predicting Vocabulary from Backward Digit Span (verbal working memory) and Corsi Blocks (non-verbal working memory) tasks.

	
	Backward Digit Span
	Corsi Blocks

	(Intercept)
	70.77***
	70.61***

	
	[67.72, 73.71]
	[67.32,73.81]

	EF task
	224.64***
	34.09

	
	[55.76,374.16]
	[-47.59,117.43]

	Multiple R2
	0.20
	0.011

	Adjusted R2
	0.18
	-0.005

	F
	15.10
	0.70

	Df
	1,62
	1,62

	P
	0.0003
	0.41

	Note. + = p < 0.1, * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Bootstrapped 95% confidence intervals are in parentheses. 



Mediation analyses
	Mediation tests whether the relationship between executive function abilities and receptive vocabulary is mediated by sentence processing abilities. We predicted that the size of the direct effect of a particular EF ability (cognitive flexibility, working memory or inhibition) on vocabulary would be significantly reduced when the mediator processing variable (integration or maintenance ability) was included in the model. Mediation analysis is only appropriate if the predictor has a significant effect on both the outcome variable (step 1) and the mediator (step 2), and if the mediator has a significant effect on the outcome variable (step 3). 
Step 1 
We have already established (above) that cognitive flexibility (DCCS), verbal working memory (as measured by the BDS) and inhibition are significant predictors of vocabulary (step 1).  Thus, for these variables, we moved onto step 2. Working memory as measured by the FDS and Corsi Blocks tasks did not have an effect on vocabulary (see analyses above), so we do not continue with these variables.
Step 2
Step 2 is to determine if there was an effect of executive function performance on the mediator (sentence processing) variables. For all analyses but Backward Digit Span, we ran mixed effects models. For Backward Digit Span, we ran linear regressions since we had 49-month data only.  We ran all models using proportional scaled EF score and centered age in days (for all but BDS) as predictors and logit/log transformed integration/maintenance as outcome variables. Interactions with age were not included in order to simplify the models.  
Table 6 illustrates the effect of linear mixed effects models analyzing the effect of cognitive flexibility and inhibition on the sentence processing scores and Table 7 indicates the effect of a linear regression model analysing the effect of Backward Digit Span on sentence processing scores.  There were no significant effects of DCCS or Backward Digit Span on any of the three sentence processing measures. There was also no effect of inhibition (Monkey-Croc) on either integration measure. Therefore, mediation analysis is not appropriate, and we do not continue with these variables to step 3. (Note that, for the two integration measures, a singular fit error indicated the models may be overfitted, so we also ran fixed effects models at each age (in this case, correlations, since our executive function measures are continuous) to confirm the lack of association between DCCS/inhibition and integration.  All correlations were non-significant (all Rs < 0.26, all ps < .05)).  There was, however, a significant effect of inhibition (Monkey-Croc) on maintenance, suggesting mediation analysis may be appropriate in this case. 

Table 6
Results of the Models predicting Integration: Prop, Integration:Latency, and Maintenance  from Cognitive Flexibility and Inhibition. 
	
	Integration 
(Prop. looks to target)
	Integration 
(Latency)
	Maintenance (Prop. looks to agent-related distractor)

	Cognitive flexibility (DCCS)

	(Intercept)
	-0.65***
	6.53***
	-0.52***

	
	[-0.73, -0.59]
	[6.49,6.55]
	[-0.62, -0.43]

	DCCS
	0.18
	0.007
	0.08

	
	[-0.18, 0.56]
	[-0.14, 0.15]
	[-0.30, 0.44]

	Age in days
	-0.00004
	-0.00002
	0.0003

	
	[-0.0006, 0.0005]
	[-0.0002, 0.0001]
	[-0.0001, 0.0008]

	Num.Obs.
	185
	185
	185

	R2 conditional
	NA!
	NA!
	0.16

	R2 marginal
	0.006
	0.0002
	0.01

	AIC
	287
	9.5
	281

	BIC
	288
	25.6
	297

	Inhibition (Monkey-croc)

	(Intercept)
	-0.65***
	6.53***
	-0.52***

	
	[-0.72, -0.58]
	[6.49,6.56]
	[-0.60, -0.44

	Monkey-croc
	0.25
	-0.09
	0.41*

	
	[-0.11, 0.69]
	[-0.25, 0.08]
	[0.01, 0.80]

	Age in days
	-0.00004
	-0.00001
	0.0003

	
	[-0.0005, 0.0003]
	[-0.0002, 0.0001]
	[-0.0001, 0.0007]

	Num.Obs.
	181
	181
	181

	R2 conditional
	NA!
	NA!
	0.17

	R2 marginal
	0.009
	0.006
	0.04

	AIC
	282
	7.69
	270

	BIC
	298
	23.7
	286

	Note. + = p < 0.1, * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Bootstrapped 95% confidence intervals are in parentheses. ! = random effect variances not available due to a singular fit error



Table 7
Results of the Linear Regression Models predicting Integration and Maintenance from Backward Digit Span (verbal working memory) at 49 months

	
	Integration 
(Prop looks to target)
	Integration 
(Latency)
	Maintenance (Prop. looks to agent-related distractor)

	(Intercept)
	-0.69***
	6.50***
	-0.48***

	
	[-0.82, -0.56]
	[6.43, 6.57]
	[-0.6, -0.36]

	Backward Digit Span
	0.96
	1.73
	-2.21

	
	[-3.2, 5.11]
	[-0.38, 3.45]
	[-5.3, 0.72]

	Multiple R2
	0.003
	0.03
	0.02

	Adjusted R2
	-0.02
	0.02
	0.00005

	F
	0.16
	1.89
	1.003

	df
	1, 54
	1,54
	1, 54

	p
	0.69
	0.18
	0.32

	Note. + = p < 0.1, * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Bootstrapped 95% confidence intervals are in parentheses. 
	



Step 3
Step three of a mediation analysis is to check if the mediator has a significant effect on the outcome variable. We ran a mixed effects model with BPVS raw score as outcome measure and proportional scaled inhibition (Monkey-Croc) score and logit transformed and centered maintenance scores as predictors.  We do not include interaction terms for simplicity. The model that converged included a random effect of Participant. Table 8 illustrates the results. There was a significant effect of maintenance on vocabulary, which means that mediation analysis is appropriate.

Table 8 
Results of the Mixed Effects Model predicting |Vocabulary from Inhibition (Monkey-Croc) and Maintenance scores
	
	Vocabulary

	(Intercept)
	58.84***

	
	[56.10, 61.69]

	Inhibition (Monkey-Croc)
	5.16

	
	[-3.86,14.50]

	Maintenance
	3.64*

	
	[0.51,6.94]

	Age in days
	0.06***

	
	[0.05, 0.07]

	Num.Obs.
	181

	R2 conditional
	0.77

	R2 marginal
	0.30

	AIC
	1393

	BIC
	1412

	
	


Mediation
We used the R package “mediation” (Tingley et al., 2014; version 4.5.0) to run mediation models to calculate whether the mediator (maintenance in this case) had a significant mediating effect on the relationship between inhibition (Monkey-Croc) and vocabulary (BPVS score).  We pre-registered a decision to use one-tailed p values for our mediation analysis, since our hypothesis predicts unidirectional effects (Cho & Abe, 2013). As Figure 3 illustrates, the regression coefficient between inhibition and vocabulary (0.41) and between maintenance and vocabulary (3.64) were significant, but the direct effect of inhibition on vocabulary was not once maintenance was taken into account (5.16). The indirect effect was (0.41)*(.3.64) = 1.49. Unstandardized indirect effects were computed for each of 1000 bootstrapped samples, and the 95% confidence interval was computed. The bootstrapped unstandardized indirect effect was 1.49, and the 95% confidence interval ranged from -0.03 to 3.84. The indirect effect was significant one-tailed (p = .031). In sum, the effect of inhibition on BPVS score was at least partially mediated by the maintenance score.

Figure 3

The Mediation Model predicting Vocabulary from Inhibition (Monkey-Croc) with Mediation from Maintenance ability. 

[image: ]
Figure note. + = p < 0.1, * = p < 0.05, ** = p < 0.01, *** = p < 0.001. Numbers represent beta estimates taken from tables above. The beta estimates between inhibition and vocabulary reflect whether the mediating factor (maintenance ability) was (in parentheses) or was not included in the model. 
Exploratory analyses 
In sum, we found only one significant pre-registered mediating relationship; maintenance ability partially mediated the relation between inhibition and vocabulary. For all other analyses, mediation was not appropriate since there was either no relationship between executive functions and vocabulary or between executive functions and sentence processing ability. To explore this in more detail, we ran correlations to determine 1) whether the results of our EF battery were stable over time (i.e. across development) for those tasks for which we had data at all three timepoints (37, 43, 49 months, see Figure 4) and 2) whether the results of our sentence processing tasks were stable over the time period (37, 43, 49 months, see Figure 5). For the EF battery, the key results are the correlations of each EF task with itself over time (highlighted by shaded boxes). There were small/medium correlations across age for all three tasks suggesting that the tasks are assessing somewhat stable constructs across age. However, for the sentence processing scores (see Figure 5) there were very few significant correlations over time (highlighted by blue boxes); only the correlation between maintenance scores at 37 and 43 months was significant (r = .22, df = 57, p = .02).  Note too that the correlations between the two integration scores (proportion looking at target and latency of first look at target; highlighted by yellow box), which should be measuring the same underlying ability, yielded only medium negative correlations that reached conventional levels of significance at 37 and 43 (37M: r = -.39, df = 61, p = .001, 43M: r = -.41, df = 63, p = .001) but not at 49 months of age. In sum, the sentence processing results do not seem to be stable over time.  




Figure 4
Correlation Matrix illustrating Pearson's r Values of Correlations between Executive Function Tasks across Age Groups.
[image: ]
Note. Flex = cognitive flexibility, WM:FDS = working memory as measured by Forward Digit Span, Inhibit = Inhibition. @ = age group (37 months, 43 months, 49 months). Scores are proportional scaled scores. The shading and the size of the circles indicates the strength of the correlation. 



Figure 5 
Correlation Matrix illustrating Pearson's r Values of Correlations between Sentence Processing Tasks across Age Groups. 
[image: ]
Note. Int:Prop = integration as measured by proportion looking at target, Int:Latency - integration as measured by latency of first look to target, Maintain = maintenance as measured by proportion looking at agent-related distractor,  @ = age group (37 months, 43 months, 49 months). The shading and the size of the circles indicates the strength of the correlation. Blue highlighted boxes indicate correlations across the same task over time. Orange highlighted box indicates correlations between two integration scores (negative correlations predicted).



Discussion 
A wealth of research has found a consistent relationship between executive function and language during the preschool years but the causal mechanism underlying this link has remained elusive. We tested a novel question in the current experiment; is sentence processing ability one mediating variable that explains the connection between executive function and receptive vocabulary? We found that this was the case in only one of our analyses. 
We employed a battery of behavioral executive function tasks, a standardised test of receptive vocabulary (BPVS-3) and an eye tracking-based sentence processing task (Borovsky et al., 2012) in which we measured two sentence processing abilities (integration and maintenance). We replicated previous findings of a relationship between executive function and vocabulary for cognitive flexibility, working memory (as measured by Backward Digit Span) and inhibition.  
Using mediation models, we then sought to determine whether there was a relationship between executive function and vocabulary, with sentence processing abilities as a mediating variable. We hypothesized that sentence processing abilities might recruit executive function mechanisms such as working memory, inhibition and flexibility, and that vocabulary growth, in turn, relies on such sentence processing abilities to comprehend the incoming and ephemeral speech input. However, for there to be grounds for a mediation analysis, there must be a significant relationship both between the predictor and the outcome, and between the predictor and the mediator variable. This was not the case for either integration measure - either integration as measured by proportion of looks to the target or integration as measured by latency (speed) of the first look to the target. Since there were no grounds for a mediation analysis, we can conclude that our prediction that integration mediates the relation between executive function and vocabulary was not upheld. 
Turning to maintenance ability, there were no grounds for a mediation analysis for the analyses that tested the effects of flexibility and working memory; neither of these executive function abilities predicted the mediator (maintenance). However, for inhibition (as measured by the Monkey-Croc task), there were grounds for mediation; there was both an effect of inhibition on maintenance (in that children with higher inhibition scores also looked more at the agent-related distractor in the sentence processing task) and of maintenance on vocabulary (in that children who looked more at the agent-related distractor also had better vocabulary scores). Mediation analysis showed that the relationship between inhibition and vocabulary was partially, but not fully, mediated by maintenance ability. In other words, the children who scored highly in a task that required them to inhibit automatic/impulsive responses were also more likely to maintain multiple possible referents in mind when processing sentences, and this relationship partially explained why such children also had bigger vocabularies in our study. However, the direct relationship between inhibition and vocabulary remained substantial in the mediation model, so there remains an effect of inhibition on vocabulary that cannot be explained by maintenance ability. 
In sum, only one of our nine sets of analyses yielded the predicted result. There are three possible reasons for this; 1) that our executive function measures are not sensitive enough to pick up on meaningful individual differences, 2) that our sentence processing measures are not sensitive enough to pick up on individual differences, and 3) that the relationship is more nuanced than stated in the introduction: in other words, that the relationship between some executive functions and vocabulary is mediated by some sentence processing abilities. Option 1 is, we think, the least likely explanation. There were medium/large correlations between all three executive function abilities and vocabulary across the age range, and we replicated the finding from the literature of a relationship between executive function and receptive vocabulary in 3- to 4-year-old children, which would have been unlikely with very noisy executive function measures.  
Option 2, the idea that our sentence processing measures are not sensitive enough, is a more likely explanation.  None of our three sentence processing scores correlated highly with themselves across time, or with each other, nor did our integration measures predict vocabulary. These results contradict those of Borovsky et al. (2012), who did find a relationship between sentence processing and vocabulary in the same task, albeit over a much larger age range (3 years to adults).  This discrepancy across studies using the same task speaks to the issue of the reliability of looking time measures when used to assess individual differences, an issue that has been raised in previous work (Byers-Heinlein et al., 2021; Durrant et al., 2021). These previous papers have highlighted the need for a better understanding of looking time tasks when used with young children, since very little is known about the cognitive mechanisms driving looking behavior in infants and young children (Byers-Heinlein et al., 2021), since looking time measures from children may be very noisy as they are often calculated on very few trials (see Egger et al., 2020, for a possible solution) and since task difficulty needs to be carefully calibrated in order to extract meaningful individual differences (tasks that are too difficult or too easy yield floor and ceiling effects respectively; Hedge et al., 2018). More information about the strategies children use when responding to different types of stimuli in different kinds of looking time tasks is needed. 
That said, Option 3 remains a plausible explanation; that the relationship between some executive functions and vocabulary is mediated by some sentence processing abilities.  In particular, the relationship between inhibition and maintenance in our study partially mediated the relationship between inhibition and vocabulary. Maintenance – the ability to maintain multiple referents in mind while a sentence unfolds over time - is an important sentence processing skill, especially in cases of complex sentences where initial responses often have to be suppressed (e.g., passive sentences, in which the first noun is, unusually for English, the patient, not the agent, of the sentence; the dog was bitten by the cat). Thus, the ease with which 3- and 4-year-old children learn new vocabulary may well depend on their ability to keep a number of possible referents in mind, in order to rapidly update incorrect inferences (Diamond, 2013; Weiland et al., 2014), which itself may depend on their ability to inhibit automatic responses.  
However, the fact that we do not find mediating relationships in eight of our nine analyses suggests that sentence processing abilities (at least those we have studied here) cannot fully explain the relation between executive function and language acquisition. In particular, the idea of a direct, rather than indirect, relation between executive function skills and language acquisition remains open. For example, it is possible that language supports the development of executive function directly through the creation of rules and symbols that allow children to build internal representations. Once a child labels a referent, this may enhance their abilities to attune and direct their attention to that referent, and improve their ability to monitor their own explicit, goal-directed behavior towards that referent (Kuhn et al., 2014). Better language ability may provide a better foundation for earlier and/or faster developing EF abilities while, simultaneously, better EF abilities may underpin more accurate sentence processing and thus support faster language acquisition. 
Limitations 
The present study had a number of limitations. First, although we were careful to choose executive function tasks that were both suitable for 3- to 4-year-old children and measured core abilities of executive function, one of these, the Forward Digit Span, has been argued to reflect recall rather than working memory limitations (albeit in older children and adults). We added additional working memory measures at the older ages but these were not wholly successful with children this young.  Future studies should explore the effect of other working memory tasks. Second, all executive function tasks were administered in a fixed order, which means that fatigue effects might have influenced performance on the later tasks. This design decision was taken in order to minimise individual differences in performance due to testing order, but it does limit comparisons across tasks. Third, although we had multiple datapoints from a relatively large sample (full N = 95), the study was under-powered to detect interactions because we did not have complete data from all participants. Future studies should aim to test bigger samples. Fourth, and finally, the exploratory analyses revealed that the results of the sentence processing tasks were noisy, in that they did not show big correlations across time. Given that looking time analyses are widely used across developmental science, it is crucial that we develop more reliable looking time methodologies (see Byers-Heinlein et al., 2021; Egger et al., 2020, for suggestions). 
Conclusion
[bookmark: _GoBack]In this paper, we tested the hypothesis that sentence processing abilities might mediate the association between EF skills and receptive vocabulary knowledge, in that the speed of language acquisition is at least partially dependent on a child's processing ability, which is itself dependent on executive control. We found evidence, consistent with previous research, for a significant association between three EF skills (cognitive flexibility, working memory (as measured by Backward Digit Span) and inhibition) and receptive vocabulary knowledge across this age range. However, only one of the tested sentence processing abilities (the ability to maintain multiple possible referents in mind) significantly mediated this relationship, and only for one of the tested executive functions (inhibition). We suggest that the relationship between some executive functions and vocabulary is mediated by some sentence processing abilities.  In particular, children who are better able to inhibit incorrect responses are also better able to maintain multiple possible referents in mind while a sentence unfolds, a sophisticated sentence processing ability which may facilitate vocabulary learning from complex input. 
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