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1 Qur initial pre-registration involved testing an additional group of children who received feedback during the same
experimental paradigm. However, a software fault meant that these children could respond before the end of the sentence
had played, and in most cases they did so. We therefore did not proceed to analyse the data for this group, and instead
focused on the hypotheses of our pre-registration that related to cross-situational learning of vocabulary and grammar.

Cambridge University Press


https://osf.io/y3wp4/?view_only=af66c1da694a4cbdaa39742d50872c3a

oNOYTULT D WN =

Journal of Child Language

CHILDREN’S ACQUISITION OF VOCABULARY AND GRAMMAR 2

Abstract

Recent evidence from cross-situational statistical learning (CSSL) studies have shown that
adult learners can acquire words and grammar simultaneously when sentences of the novel
language co-occur with dynamic scenes to which they refer. Syntactic bootstrapping accounts
suggest that grammatical knowledge may help scaffold vocabulary acquisition by
constraining possible meanings, thus, for children words and grammar may be acquired at
different rates. Twenty children (ages 8 to 9) were exposed in a CSSL study to an artificial
language comprising nouns, verbs, and case markers occurring within a verb-final
grammatical structure. Children acquired syntax (i.e., word order) effectively, but we found
no evidence of vocabulary learning, whereas previous adult studies showed learning of both
from similar input. Grammatical information may thus be available early for children, to help
constrain and support later vocabulary learning. We propose that gradual maturation of

declarative memory systems may result in more effective vocabulary learning in adults.
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Introduction

In early language acquisition, a key challenge is to determine the exact referent from the
infinite number of possible ones when a word is heard in speech. This is often referred to as
the “Gavagai” problem, following Quine (1960). Imagine an infant or child hearing the
utterance “Gavagai!” while observing a landscape in which a rabbit is dashing across a field.
In this case, the utterance might refer to multiple referents including the whole rabbit, the
rabbit’s ear, the texture of its fur, or its movement. How do infants and children know what
“Gavagai” refers to? One underlying process that researchers (e.g., Fazly et al., 2010; Yu, &
Smith, 2007; Monaghan et al., 2021) have long assumed to support learning in such
ambiguous situation is statistical learning, by which learners acquire regularities in the
language patterns through exposure. Specifically, for word learning under conditions with
referential ambiguity, learners can track the co-occurrence of the word with its referent across
the environment over multiple situations (Yu & Smith, 2007; Rebuschat et al., 2021), in order
to establish the intended word-referent mapping.

Learning word-object mappings through a cross-situational learning (CSL) paradigm has
been found to be rapid and successful in infants (e.g., Smith & Yu, 2008), children (e.g., 4- to
7-year-olds, Benitez, Zettersten, & Wojcik, 2020; 4- and 10-year-olds, Fitneva &
Christiansen, 2017; 5- to 7-year-olds, Suanda, Mugwanya, & Namy, 2014; 2- to 7-year-olds,
Venker, 2019; 2- to 5-year-olds, Vlach & DeBrock, 2017) and adults (e.g., Yu & Smith,
2007). In these previous experiments, participants were exposed to sets of pseudowords while
observing multiple objects. Within a single trial, it was not possible to correctly map a noun

to its referent due to the ambiguity of possible correspondences between words and objects.
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However, the appropriate word-object mapping can be determined through tracking cross-
situational statistics, as each word consistently appeared with its referent while the other
words and objects varied over trials. Learners can use CSL to acquire words from other
grammatical categories (for verb learning, see Childers et al., 2023; Scott & Fisher, 2012; for
adjective learning, see Akhtar & Montague, 1999) and in the case of adults, they can rely on
CSL to acquire multiple grammatical categories simultaneously (e.g., Monaghan et al, 2015;
Rebuschat et al., 2021).

However, the typical CSL paradigm, which focuses on words from a single grammatical
category, all occurring with their referents, is a simplification that does not apply to
naturalistic language where scenes and utterances are more complex (e.g., Yu & Ballard,
2007). Furthermore, there is a close interdependence in the meaning and grammatical roles of
words within an utterance (Fisher et al., 2010; Gleitman, 1990; Monaghan et al., 2023). This
bootstrapping of word learning and syntax has been a topic of theoretical interest in language
acquisition research (Abend et al., 2017; Hohle & Weissenborn. 2001), but a clear
demonstration of how words and syntax are acquired simultaneously has been rarely
observed. One reason for this is practical: learning a language with sufficient complexity to
incorporate both vocabulary from different grammatical categories and syntactic structure is a
substantial challenge. The rare exceptions, however, tend to pretrain learners on vocabulary,
or using already known words, before exposing them to multi-word sentences (e.g., Amato &
MacDonald, 2010; Friederici et al., 2002; Hu, 2017; Morgan-Short et al., 2014; Spit et al.,
2022).

The possibility of simultaneous acquisition of vocabulary and grammar without prior
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vocabulary training was recently demonstrated as possible in studies with adults (e.g.,
Monaghan et al., 2019, 2021; Rebuschat et al., 2021; Walker et al., 2020), where adult
learners were exposed to a complex artificial language consisting of transitive sentences
presented alongside dynamic scenes relating to the sentences. However, whether this CSL is
accessible to children learning language remains unclear.

Vlach and DeBrock (2017) investigated multiple factors that underly effective CSL of
nouns in children aged 2 to 5. They found that children’s declarative memory ability (i.e.,
visual and auditory recognition memory) and language skills (i.e., receptive vocabulary) were
strong predictors of learning. Vocabulary learning has been related to declarative memory
ability (Ruiz et al, 2018; Ullman, 2004; Walker et al., 2020), consistent with Vlach and
DeBrock’s (2017) finding that it relates to CSL noun learning. However, learning syntax has
been related to procedural memory ability (Morgan-Short et al., 2014). The developmental
trajectories of these memory systems are very different (Pili-Moss, 2021). Procedural
memory tends to reach maturity at an earlier stage of the life span (i.e., infancy and early
childhood), while declarative memory matures more slowly, starting to develop in childhood
and not becoming fully functional until early adulthood (Bauer, 2008; Hulstijn, 2015,
Ullman, 2004). Lum et al. (2010) found that procedural memory skills were relatively stable
from ages 5 to 6 years, though declarative memory performance was changing substantially,
and a similar pattern was found for ages 6 to 10 by Finn et al. (2016), who found procedural
memory skills were similar to adults by these ages, though declarative memory skills were
significantly lower. Thus, when children younger than 10 years old are faced with learning

both vocabulary and syntax from a novel language, we might expect syntax, served by the
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procedural memory system, to be acquired more effectively, with greater variation in
vocabulary learning possible due to expression of individual differences in development of
declarative memory.

In the current study, we investigate the effect that the complex environment that children
experience, where there are multiple words in sentences and many possible referents around
them in the environment, has upon children’s simultaneous learning of vocabulary and
syntax. We exposed children aged 8 to 9 years old to the complex utterances and complex
scenes adapted from Rebuschat et al. (2021). We focused our investigation on children aged 8
to 9 years to meet the gap in statistical language learning studies (Isbilen & Christiansen,
2022), and also because of this being a point in development where divergence in procedural
and declarative memory skills development is observed (Ferman & Karni, 2010; Finn et al.,
2016; Lum et al., 2010; Meulemans et al., 1998).

We predicted that children would be able to learn the sentence-scene correspondences,
due to their ability to track cross-situational statistics for simpler word-referent mappings
(e.g., Childers et al., 2023; Scott & Fisher, 2012; Vlach & DeBrock, 2017). We also predicted
that they would be able to acquire syntax from cross-situational statistics, as this was readily
acquired by adults (e.g., Rebuschat et al., 2021) and supported by the earlier maturing
procedural memory system, providing insight into the bootstrapping process of acquisition of
vocabulary and syntax.

Method
Participants

Twenty participants (mean age = 9.1 years, SD = 4 months, 13 female) aged from 8§;11 to
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9;10 at a primary school in Greater Manchester UK, participated in this study. The school is
in a moderate socio-economic area (the 40% least deprived areas in England, English Indices
of Deprivation, 2019) with a relatively high education level (the 60% least deprived areas in
England): 65% of the parents held qualifications above university undergraduate degree, 25%
had completed education up to school or college (up to age 18), and 10% held a FE college
diploma. Seventeen participants were monolingual native speakers of English, two spoke
English and Urdu and one spoke English, Russian, and Portuguese?. All had normal vision
and hearing.

Materials

Artificial Language

The artificial language was adapted from Rebuschat et al. (2021), with some
simplifications to make the language potentially easier to acquire. Specifically, we excluded
the adjectives in the artificial language in Rebuschat et al. (2021).

Vocabulary. There were 12 pseudo-words, 10 of which were content words (6 nouns
and 4 verbs) and 2 of which were case markers indicating the grammatical role (i.e., either
subject or object) of the preceding noun. These words were read and recorded separately by a
female native English speaker in monotone and presented using E-prime with a 250 ms pause
between each word. The pseudowords can be found in the Appendix.

Syntax. The syntax of the artificial language was based on Japanese, with a fixed

position of the verb phrase (VP), always appearing at the end of the sentence while the

2 Note that Urdu is a verb-final language just like the artificial language used in this study. For this reason, we conducted
separate analyses for the two Urdu-English bilingual children in our sample. These are reported in the Supplementary
Materials.
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subject noun phrase (NP) and object NP could alternate between the initial and second
positions. The VP contained only the verb, whereas the NPs always comprised a noun
followed by a post-nominal case marker, which reliably indicated whether the preceding
noun was the agent or the patient in the sentence. Half of the sentences were in SOV order,
and the other half were OSV. A total of 112 unique sentences were generated by E-prime by
concatenating pseudowords, with a 250 ms pause between each word, as demonstrated in the

following example.
(1) Cheelow tha bimdah noo dingep.

Animah SUBJECT Animalz OBJECT pushes.
‘Animal; pushes animal,’.
We balanced the frequency of vocabulary, subject and object assignment, and word order

across blocks.

Figure 1
Example of a training trial of the CSL task, illustrating screenshots of the animated scenes.
The left scene in this example trial depicts an elephant (agent) pushing an owl (patient), and

the right scene shows a zebra (agent) jumping over a cow (patient).

- Lo

o
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Visual stimuli. The visual stimuli used in the current study consisted of a series of
animated scenes generated by E-prime (2.0 Psychology Software Tools, Pittsburgh, PA). In
these scenes, six cartoon animals (elephant, cow, chicken, turtle, zebra, and owl) were
selected as the referents of the six nouns in the artificial language, performing one of the four
actions (hiding, jumping, lifting and pushing) as the referents of the four verbs. We randomly
allocated the mapping of the words to the animal characters and actions for each participant
to avoid the association of certain sounds to objects and actions (Rebuschat et al, 2021). The

animal characters are presented in the Appendix.

Procedure

Parental questionnaires and consent forms were distributed and collected by the Deputy
headteacher before the experiment. Children were then trained and tested on the artificial
language on two consecutive days, with each session lasting about 30 minutes. The procedure

was identical on each day.

Cross-situational learning task

Participants were told they would learn an alien language spoken by “friends from a
distant planet”. Two practice trials were then presented in which participants had a chance to
familiarise themselves with the task, observing two animated scenes (see Figure 1 for
example), listening to artificial language sentences (e.g., Cheelow tha bimdah noo dingep.),
and responding by pressing the keys on the keyboard associated with which scene they felt

matched the sentence. An “L” sticker for the left scene and an “R” sticker for the right scene
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were placed over the keys “1” and “2”, respectively, on a computer keyboard. Animal
characters and pseudo-words contained in practice trials were not included in the main part of
the study.

The CSL task on each day comprised six blocks. Each block contained 12 training trials,
different for each block, but balanced such that the occurrence of each word and visual
stimulus occurred an equal number of times. A total of 72 sentences were used across the six
training blocks, with 12 sentences in each block.

In each trial of this task, children observed two animated scenes, each depicting two of
the six animal characters performing one of four actions. The two scenes differed in terms of
the animals, the actions, and the agent and patient roles of the animals performing the action
present in each scene. After the action was displayed once, the corresponding sentence was
played. For example, children might see, on the left screen, an elephant jumping over an owl,
and on the right a zebra hiding behind a cow, while hearing the artificial sentence “Cheelow
tha bimdah noo dingep” (see Figure 1 for an example). The actions then repeated in a loop
until participants entered their response, at which point the experiment advanced to the next
trial without delay. After responding, participants received no feedback, with the task
proceeding to the next trial immediately after a response was made.

In blocks 3 and 6, the 12 training trials were intermingled with 28 vocabulary testing
trials, which were again balanced in terms of occurrence of words and visual stimuli. In each
block there were 6 test trials for nouns, 4 for verbs, and 4 for marker words. The test trials
were identical to the training trials, except the two scenes were identical except for one

feature. To test nouns, the scenes varied by one animal, to test verbs, the scenes varied by the
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action only, and to test the marker words, the scenes varied in terms of which animal was the
agent and which the patient of the action. Each noun was tested once per block, each verb

once, and the marker words were tested four times.

Grammaticality judgement task

After the final block for the CSL task, there was a Grammaticality Judgement Task
block, which tested the acquisition of syntax (in terms of knowledge of word order). This
consisted of 12 trials, each of which comprised one sentence occurring with one scene. All
words corresponded with their referents in the scene, but in half the sentences the syntax of
the language was followed (either OSV or SOV), while the remainder contained syntactic
violations, with word order either VSO, VOS, SVO or OVS. There were 3 verb initial trials,
and 3 verb medial trials. None of the testing sentences were used in training trials.

Participants were informed that sentences would now be spoken by an alien from another
planet who was also learning this "alien language," and they had to determine whether the
sentence sounded "good" or "funny" based on the sentences they had heard earlier. One of the
researchers clarified “good” and “funny” to each participant one by one to make sure children
understood that this referred to whether it sounded like or unlike the previous sentences. A
label with “good” covered the 9 and a label “funny” covered the 0 key on a computer
keyboard.

After completing the study on day 1, children returned the following day for the second
training and test session at approximately the same time of day. Note that the vocabulary tests

were included twice per session, and the GJT at the end of the training session. This design
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was so that potential subtle differences in order of acquisition of vocabulary items (e.g.,
nouns learned before or after verbs) could be tracked through the training, with the
vocabulary test trials not interrupting exposure to the language because these test trials were
identical in form to the training trials. The GJT required a different presentation and response,

and so was positioned after the end of training on each day so as not to disrupt the learning.

Results
As noted above, two of our participants were Urdu-English bilingual children. Since
Urdu is an SOV language, we conducted separate analyses to find out if this affected the
results. The analyses can be found in the Supplementary Materials, and the results are similar

to those presented here for the whole group of participants.

Performance on the cross-situational learning task
Accuracy on the training trials

The descriptive statistics of performance across training trials on two consecutive days (6
blocks each) are displayed in Table 1 and Figure 2. First, in descriptive statistics, whether
performance across training trials was greater than chance (0.5) was determined by one-
sample t-tests (see Table 1). For training on day 1, we observed significant learning effects
over blocks 1, 4 and 5, and marginal significant learning effect over blocks 3 and 6. However,
for day 2, a learning effect was only found in block 2.

To further investigate whether learning was affected by training block and day,

generalized linear mixed effects modelling was used with accuracy (0 or 1) as dependent
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variable, employing the binomial logistic function. We tested potential non-linear effects of
learning using orthogonal polynomials for the block predictor. We constructed mixed effects
models starting with a null model predicting accuracy with the binomial logit link function.
Models included random intercepts for participant and item. However due to singularity, the
random slopes for the within-participant predictors were not included. We then compared this
model against models that incrementally added fixed effects: linear (otl), quadratic (ot2), and
cubic (ot3) polynomial terms for Block, then adding day, and their interaction. Log-
likelihood comparisons were used to test whether each of the fixed effects improved model
fit. Results showed that the intercept was significant, such that accuracy was slightly above
chance averaged across all training trials, estimate = 0.184, SE = 0.076, z=2.42, p=.016,
odds ratio = 1.20. Adding the fixed effects of otl (y*(1) =0.12, p =.727), ot2 (}*(1) = 0.51, p
=.476) and ot3 (¥*(1) = 0.17, p = .683) did not significantly improve model fit. However,
adding the fixed effect of day (y¥*(1) = 3.43, p = .064) showed a marginally significantly
improved model fit, suggesting slightly lower accuracy on day 2 compared with day 1. The
interaction between block and day was not significant (y*(1) = 0.67, p = .414), indicating no
evidence for changing pace of learning on day 2 compared to day 1.

For the performance across test trials (i.e., vocabulary and syntax tests), in our
descriptive statistics we conducted one sample t-tests to determine whether the accuracy of
vocabulary (i.e., nouns, verbs and markers) and syntax (i.e., word order) test trials in each
block was significantly above chance level. The descriptive statistics and results are

presented in Tables 2 and 3 and Figure 3.
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Table 1
Descriptive statistics for training trials in CSL task in the six blocks on two days. Showing t-
test values compared against chance performance.
Block
Day 1 Day 2
1 2 3 4 5 6 1 2 3 4 5 6

M 0.57 054 055 056 059 0.56 0.51 058 053 046 0.55 0.55

SD 0.14 0.14 0.13 0.11 0.15 0.14 0.18 0.15 0.19 022 0.17 0.16

t 220 121 179 252 250 2.04 021 231 070 -0.79 1.29 1.29

p 0.040 0.243 0.090 0.021 0.022 0.056 0.834 0.032 0491 0439 0.212 0.212

d 0.49 027 040 056 056 045 0.05 052 0.16 -0.18 0.29 0.29
Figure 2

Accuracy for training trials in CSL task for days 1 and 2. The box indicates the median

(horizontal line) and interquartile range, with dots indicating individuals’ accuracy. Dotted

line indicates chance level (0.5).

Mean Accuracy

04

Day 1

Day 2
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Accuracy on the test trials

For vocabulary acquisition, results from the # tests showed no evidence of a learning
effect of nouns, verbs and markers in all vocabulary tests (see Table 2 for test results). To
determine whether block and day had a significant effect on vocabulary acquisition for nouns,
verbs, and markers, we used generalized linear mixed effects models similar to the analysis
conducted on training trials. The models included block and day as fixed effects, and the
maximal random-effects structure that allowed models to converge without singularity
warnings. Specifically, for noun test trials, a random intercept for item was included; for verb
test trials, a random intercept for participant was included; for models testing marker test
trials, random intercepts for participant and item were included. Random slopes for block and
day were not included due to the singularity warnings. Results indicated that neither the fixed
effect of block nor day improved the model fit for any of the vocabulary types (model results
can be found in Supplementary Information).

For syntax (word order) acquisition, ¢ tests results showed significant learning effects
on both day 1 and day 2 (see Table 3 for test results). To determine whether day had
significant effect on syntax acquisition, we again tested generalized linear mixed effects
models in the same way as for the vocabulary test trials, except only with day as a predictor
for accuracy (note that syntax was only tested once per day so block was not relevant to this
analysis). The intercept of the model with no fixed effect was significant (estimate = 0.427,
SE =0.156, z=2.74, p = .006, odds ratio = 1.53), indicating that the overall accuracy in the
syntax test was greater than chance. However, we did not find that adding day significantly

improved fit (¥*(1) = 0.75, p = .387).
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Descriptive statistics for vocabulary test trials in CSL task in block 3 and 6 on days 1 and 2.

T-test values are compared against chance.

Blocks
Day 1 Day 2
3 6 3 6
Nouns M 0.54 0.52 0.48 0.52
SD 0.22 0.22 0.22 0.22
t 0.86 0.32 -0.32 0.32
p 0.398 0.741 0.733 0.741
d 0.19 0.07 -0.08 0.07
Verbs M 0.54 0.54 0.56 0.53
SD 0.31 0.25 0.25 0.26
t 0.55 0.68 1.10 0.44
p 0.591 0.505 0.287 0.666
d 0.12 0.15 0.25 0.10
Markers M 0.51 0.54 0.49 0.54
SD 0.24 0.31 0.26 0.27
t 0.24 0.55 -0.21 0.62
p 0.815 0.591 0.834 0.545
d 0.05 0.12 -0.05 0.14
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Table 3

Descriptive statistics for syntax test trials in CSL task on days 1 and 2. T-test values are

oNOYTULT D WN =

compared against chance.

12 Day 1 Day 2

M 0.58 0.62
17 SD 0.15 0.22
20 t 2.30 2.42
22 ) 0.033 0.026

25 d 0.51 0.54

30 Figure 3
33 Mean accuracy performance by vocabulary test trials in CSL task, for day 1 (left) and day 2
(right). Error bars represent the standard error of the mean for each block. The dotted

38 horizontal line at 0.5 indicates chance.
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Figure 4.
Mean accuracy performance by syntax test trials in CSL task for days 1 and 2. The box
indicates the median (horizontal line) and interquartile range, with dots indicating

individuals’ accuracy.

Mean Accuracy

0.4

Day

Discussion

The current study explored what features of an artificial language children aged 8-9 years
old can acquire through CSSL. Our results indicated, for the first time, that when acquiring a
novel language comprising previously unknown syntax and vocabulary, the conjunction of
sentences and scenes to which they refer was navigable by children in order to effectively
acquire the syntax (i.e., word order knowledge). However, in contrast there was evidence that
children had only just begun to make a start on learning individual vocabulary items.
Whereas overall performance on training trials (which required the coordination of words in
the sentences and referents in the scenes) was above chance, accuracies for the individual

vocabulary types (i.e., nouns, verbs and case markers) were not found to be significantly
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above chance.

When referential ambiguity is minimised, i.e., restricted to only noun-object and verb-
action mappings, children are able to learn vocabulary with relative ease (Childers et al.,
2023; Scott & Fisher, 2012; Smith & Yu, 2008; Vlach & DeBrock, 2017). Furthermore, when
vocabulary is pre-trained, children can also respond to the syntax of the language (Spit et al.,
2022). However, in our study, when the learning environment mimicked the natural language
situation by incorporating greater syntactic complexity and referential ambiguity, we found
that acquiring the vocabulary through cross-situational statistics was a challenge for children.
In previous studies with adults, acquiring both the syntax (word order) and the vocabulary
simultaneously during learning was found to be possible (Monaghan et al., 2021; Rebuschat
et al., 2021; Walker et al., 2020). In order to ascertain whether there were quantitative
differences in learning between adults and children, we compared the children’s performance
in the current study to the adult “implicit” condition from Monaghan et al. (2021). This
condition was an adult study that was qualitatively similar to the current study, though note
that the language was somewhat more complicated because it contained also adjectives and
more vocabulary items.

Using equivalence tests, we found that there was a significant difference in learning for
verbs (adults mean accuracy = 0.82 (SD = 0.22), t(36.4) = 4.16, p <.001), but not nouns
(adults mean accuracy = 0.60 (SD = 0.16), t(32.54) = 1.45, p = .157) and marker words
(adults mean accuracy = 0.46 (SD = 0.12), t(23.73) = -1.23, p = .232. There was also a
significant difference in learning for syntax (adults mean accuracy = 0.85 (SD = 0.16),

t(33.02) =4.07, p <.001). Thus, adults were able to learn both vocabulary and syntax more
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readily than children, with evidence of learning both simultaneously. Children, however,
showed evidence for learning syntax, but no evidence for learning of vocabulary. It must be
noted that this null effect for vocabulary is not the same as providing evidence that children
did not learn vocabulary learning, however, there is a difference between adult and child
learning in that adults could learn verbs to a level equivalent to that of syntax, whereas there
was considerable disparity for children. What might result in this possible child-adult
distinction in cross-situational learning?

One possible explanation might lie with the different memory system required for
language learning to proceed. Neurobiological evidence showed that procedural memory,
which relates more closely to processing of syntactic regularities, tends to mature in early
childhood (Pili-Moss, 2021). Declarative memory which supports vocabulary and grammar
learning tends to reach maturity later in adolescence (Gomez & Edgin, 2016; Morgan-Short
et al., 2014; Ullman, 2004). This is consistent with the current study as the syntactic
regularity (i.e., word order) was the first, and only, language property learned to a significant
level by the children.

The results suggest that, when neither syntax nor vocabulary are known to the child,
knowledge about syntax, in terms of word order constraints, quickly becomes available to the
learner. This provides an indication for how syntactic information may become available to
the child to help scaffold and support vocabulary acquisition. Syntactic bootstrapping is thus
available to children to acquire vocabulary items whose meaning can be in part dependent
upon their syntactic role (Babineau et al., 2024; Gleitman, 1990; Hohle & Weissenborn,

2001; Monaghan et al., 2023).
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Limitations and further directions

The current study is the first to investigate children's simultaneous acquisition of
vocabulary and grammar through CSL. However, the sample size in this study is relatively
small (n=20), and the age range is relatively constrained (8-9 years), which might limit the
generalizability of our findings as it may not fully capture the variability in CSL performance
across a broader population of children. Extending this study to a larger age range may
provide us with fuller insight into how learning vocabulary and learning syntax inter-relate in
children’s language development.

Our study also did not fully encapsulate the individual differences that were driving
children’s performance. Note that in Figures 2 and 4 there is a large range in accuracy for
individual children, indicating that whereas some children were able to acquire both
vocabulary and syntax, other children failed to gain a foothold in learning the language at all.
Future research that includes cognitive skill measurements (in particular, procedural memory
and declarative memory) will be a useful extension to determine how memory systems relate
to different aspects of language learning, when learning a language immersively. Existing
adult data using a similar paradigm (Walker et al., 2020) indicated that learning vocabulary
and syntax simultaneously may not relate neatly to abilities in declarative and procedural
memory systems. Walker et al. (2020) found that learning all aspects of a language from
cross-situational statistics (both vocabulary and syntax) related to procedural memory ability
early in training, and, as learning advanced, declarative memory became more important as a

predictor of syntax and verb learning accuracy. Ferman and Karni (2010) found that language
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learning associated with procedural skills also improved slightly with age from 8 to 12 years,
to adulthood. Hence, there may be crucial stages of learning as the interactions between
syntax and vocabulary emerge through exposure, each relating to different memory systems
at different stages of learning, and children’s mastery of vocabulary — and syntax —may well
require the later-developing declarative memory system.

As revealed in Isbilen & Christiansen (2022), the effect size of SL in child population is
significantly affected by test types, with processing-based tests yielding a larger effect size
than reflection-based tests, and production and recall tests yielding larger effect sizes than
forced-choice tests. Furthermore, testing implicit knowledge, such as syntax, is more
appropriately tested through implicit, online measures, whereas testing explicit knowledge,
such as vocabulary, can be measured effectively using explicit tests (Isbilen et al., 2022). The
current study used such an explicit measure — requiring a forced choice. A blend of online
and offline measures, then, would be a valuable extension of the current study in order to
explore in greater detail the quality and quantity of children’s language learning.

A further advantage of online tasks, such as eye-tracking, would enable us to determine
children’s attention to different elements of the scenes during learning. One possibility for
children’s greater learning of syntax than vocabulary may have been due to children reducing
attention to the visual scene, and focusing more processing on the auditory stimuli. It is the
case that the syntax test could be solved without requiring processing of the scene at all, as it
tested sensitivity to the word order within sentences. However, our task was designed to keep
children’s focus on the screen, by providing a visual reward of a coin for correct answers

during training and requiring a response for each trial, which could only be accomplished by
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processing the relations among auditory sentences and visual scenes. Eye tracking would
enable us to confirm how children use the visual information in conjunction with the auditory
input. Note, however, that performance did not change from day 1 to day 2 for either the
overall training trials, nor for the syntax tests, and so there were no evident quantitative
changes in children’s performance over the task. Furthermore, there was above chance
performance on the training trials, though at a level substantially below that of the syntax
trials. Thus, word order information was available and processed more readily by children
than the vocabulary information, and this highlights that potential information for syntactic
bootstrapping is available to help support subsequent vocabulary acquisition. The benefit of
the current paradigm is that it can offer opportunities for investigating all these issues,
including effects of type of task, as well as environmental exposure, cognitive effects, and
language background effects on children’s early language development.

Previous studies of cross-situational word learning have established that children can use
these statistics to acquire new vocabulary (e.g., Vlach & DeBrock, 2017). We are not
claiming that children are unable to do this, only that, from input that involves novel syntax
and vocabulary, children seem to pick up on the syntax more readily than the vocabulary. The
lower levels of learning of vocabulary observed in our study compared to previous cross-
situational studies with children likely rests with the greater complexity entailed by multiple
words relating to multicomponent scenes. For instance, in previous simpler cross-situational
studies, all objects and all words tend to be present in each learning situation. Then, the
conditional probability of an object appearing with a word is 1, and the conditional

probability of another object appearing with a word is 1/(n-1) where n = number of
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word/object pairings. So, for learning 6 words, the difference in frequency of cross-

situational mappings is 1 versus 1/5 for intended versus unintended pairings. In our paradigm,

however, as there are multiple words and two possible scenes occurring in each trial, the

difference in frequency of mappings between intended and unintended pairings is smaller.

Table 4

Conditional probabilities of noun-object and verb-action pairings in our study, with

probabilities also shown for a standard cross-situational learning study for 6 noun-object

pairings.

Conditional

Our study’s probability e.g., Vlach & DeBrock

(2017) 2 words x 2 objects,

12 pairings probability
p(noun | target object) 0.5 1
p(noun | foil object) 0.3 1/12
p( target object | noun) 1 1
p( foil object | noun) 0.3 1/11
P (verb | target action) 0.5
P (verb | foil action) 0.17
P (target action | verb) 1
P (foil action | verb) 0.33

Table 4 shows the conditional probabilities for mappings, for nouns and for verbs.
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Adapting our paradigm to reduce the scene and sentence complexity would likely result in
more successful word learning. We contend that with this simpler sentence structure, children
would still be more successful at acquiring the word order, because of the earlier maturation
of their procedural memory systems. This, however, is a matter for future investigation.

In conclusion, we showed that children aged 8 to 9 were able to learn syntax (i.e., word
order) through tracking the co-occurrence of target sentences and referential scenes with no
need of prior vocabulary knowledge. However, there was no evidence that cross-situational
statistics alone were sufficient to support robust simultaneous early-stage acquisition of both

vocabulary and syntax in children at this age, as it has been shown to do in adults.
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Appendix A
Pseudoword lexicon used in the experiment (adapted from Monaghan and Mattock,
2012).
The six bisyllabic content words used as nouns were: barget, limeber, jeelow, goorshell,
nellby, bimdah. The four bisyllabic content words used as verbs were dingep, fisslin,
rakken, makkot. The two monosyllabic words used as grammatical role markers

(subject/object) were tha and noo.

Appendix B
Animal characters used in training and testing blocks.

Animal characters occurred across the experiment with equal frequency.

Appendix C Supplementary Tables
Table S1
Mixed-effects model results for noun test trials. Null model contains only a random

intercept for item. Model 1 includes block as a fixed effect. Model 2 includes day as a

fixed effect.
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Predictor Estimate SD Error VA V%
null model  Intercept 0.059 0.103 0.572 0.567
model 1 Intercept 0.034 0.327 0.103 0.918

block 0.006 0.069 0.082 0.934
model 2 Intercept 0.237 0.325 0.728 0.467

day -0.118 0.206 -0.576 0.565

Best-fitting model specification (null model): Number of observations: 480, Item, 24.

AIC = 668.3, BIC = 676.7, log-likelihood = -332.2. R syntax: glmer(accuracy ~ 1 + (1

| item), data = noun_test data, family = "binomial").

Table S2

Mixed-effects model results for verb test trials. Null model contains only a random

intercept for participant. Model 1 includes block as a fixed effect. Model 2 includes

day as a fixed effect.
Predictor Estimate SD Error zZ p
null model  Intercept 0.170 0.147 1.151 0.25
model 1 Intercept 0.288 0.374 0.769 0.442
block -0.026 0.076 -0.344 0.731
model 2 Intercept 0.130 0.374 0.348 0.728
day 0.026 0.229 0.115 0.909

Best-fitting model specification (null model): Number of observations: 320,

Participants: 20. AIC =442.6, BIC = 450.2, log-likelihood = -219.3. R syntax:
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glmer(accuracy ~ 1 + (1 | participant), data = verb_test data, family = "binomial").

Table S3
Mixed-effects model results for marker test trials. Null model contains only random
intercepts for participant and item. Model 1 includes block as a fixed effect. Model 2

includes day as a fixed effect.

Predictor Estimate SD Error VA )%
null model  Intercept 0.078 0.150 0.521 0.602
model 1 Intercept -0.155 0.464 -0.335 0.738

block 0.052 0.098 0.530 0.596
model 2 Intercept 0.154 0.468 0.330 0.741

day -0.051 0.296 -0.172 0.863

Best-fitting model specification (null model): Number of observations: 320,
Participants: 20, Item: 16. AIC = 446.7, BIC = 458.0, log-likelihood = -220.3. R
syntax: glmer(accuracy ~ 1 + (1 | participant) + (1 | item), data = marker test data,

family = "binomial").

Appendix D Analysis Omitting the Two Urdu Speakers
Table S4
Descriptive statistics for training trials in CSL task in the six blocks on two days.

Showing t-test values compared against chance performance.
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Block
Day 1 Day 2
1 2 3 4 5 6 1 2 3 4 5 6
M 0.57 052 0.56 0.56 0.59 0.58 0.50 056 052 044 056 0.53
SD 0.14 0.14 0.13 0.11 0.16 0.14 0.17 0.15 0.19 021 0.18 0.16
t 1.90 0.72 1.84 2.22 237 246  -0.12 1.76 0.51 -1.13 130 0.75
0.21
p 0.074 0.482 0.083 0.040 0.030 0.025 0.907 0.097 0.618 0.274 0.462
1
d 0.45 0.17 0.43 0.52 0.56 0.58 -0.03 041 0.12 -0.27 0.31 0.18
Table S5

Descriptive statistics for vocabulary test trials in CSL task in block 3 and 6 on days 1

and 2. Showing t-test values compared against chance performance.

Blocks
Day 1 Day 2
3 6 3 6

Nouns M 0.57 0.51 0.47 0.52
SD 0.20 0.22 0.22 0.23

t 1.57 0.18 -0.53 0.34

)4 0.134 0.859 0.604 0.734

d 0.37 0.04 -0.12 0.08

Verbs M 0.53 0.54 0.57 0.56
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SD 0.32 0.26 0.27 0.25

t 0.37 0.68 1.10 0.94

oNOYTULT D WN =

9 p 0.717 0.507 0.288 0.361
12 d 0.09 0.16 0.26 0.22
Markers M 0.50 0.56 0.46 0.54
17 SD 0.24 0.29 0.25 0.27
20 t 0.00 0.81 -0.72 0.64
p 1.000 0.430 0.483 0.528

25 d 0.00 0.19 -0.17 0.15

30 Table S6
33 Descriptive statistics for syntax test trials in CSL task on days 1 and 2. Showing t-test

values compared against chance performance.

Day 1 Day 2

43 M 0.58 0.63

46 SD 0.16 0.22

t 2.19 2.46

51 P 0.043 0.025

d 0.52 0.58
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