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Abstract

Children with developmental language disorder (DLD) served as a test case for determining the role
of extant vocabulary knowledge, endogenous attention, and phonological working memory abilities in
cross-situational word learning. First-graders (M., = 7 years; 3 months), 44 with typical development
(TD) and 28 with DLD, completed a cross-situational word-learning task comprised six cycles, fol-
lowed by retention tests and independent assessments of attention, memory, and vocabulary. Children
with DLD scored lower than those with TD on all measures of learning and retention, a performance
gap that emerged in the first cycle of the cross-situational protocol and that we attribute to weaknesses
in initial encoding. Over cycles, children with DLD learned words at a similar rate as their TD peers but
they were less flexible in their strategy use, demonstrating a propose-but-verify approach but never a
statistical aggregation approach. Also, they drew upon different mechanisms to support their learning.
Attention played a greater role for the children with DLD, whereas extant vocabulary size played a
greater role for the children with TD. Children navigate the problem space of cross-situational learning
via varied routes. This conclusion is offered as motivation for theorists to capture all learners, not just
the most typical ones.
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1. Introduction

Humans attempt to determine meaning in the world around them. When exposed to an
unfamiliar word for the first time, they use their prior knowledge and the available social,
linguistic, and visual contexts to infer its referent, but, in everyday situations, these contexts
are not deterministic. For example, a toddler might hear “juice” as Dad is looking for juice in
the refrigerator. Does the word juice refer to the bottle of sweet orange liquid or a jar of jam,
the cold emanating from the refrigerator, or the refrigerator itself? Because Dad did not hold
up the bottle of juice and label it, the child cannot determine the referent of the word with
any certainty. However, across situations, a given word form tends to be paired with a given
referent more frequently than other pairings. The child is more likely to hear “juice” when
juice is present than when jam or cold air is present. By using the co-occurrence information
across naming situations, the child can determine the meaning of the word.

In the laboratory, cross-situational word learning is evident in infants and toddlers (Smith
& Yu, 2008; Vlach & Johnson, 2013; Woodard, Gleitman, & Trueswell, 2016), older chil-
dren (Suanda, Mugwanya, & Namy, 2014; Vlach & DeBrock, 2017), and adults (Benitez,
Yurovsky, & Smith, 2016; Berens, Horst, & Bird, 2018; Kachergis, Yu, & Shiffrin, 2013;
MacDonald, Yurovsky, & Frank, 2017; Roembke & McMurray, 2016; Romberg & Yu, 2014;
Yu & Smith, 2007; Yurovsky & Frank, 2015). In a typical cross-situational learning task,
participants see two (or more) pictures of novel objects and hear one (or more) novel words
labeling those objects. In the traditional task, the first time these word-referent pairings occur
(i.e., the first cycle of trials), there is no information about the correct mapping between
each word and its referent. However, in subsequent cycles, word-referent pairings repeat
such that a word is paired with its correct referent 100% of the time but is paired with other
referents inconsistently. Thus, participants can learn correct word-referent pairings through
across-cycle information. Cross-situational learning opportunities enable not only the linking
of words to referents but also the mapping of the precise phonological details of the word
forms themselves, and this is true of infants and adults (Escudero, Mulak, & Vlach, 2016a, b).
Moreover, by age 4 or 5, children retain words learned from cross-situational opportunities
over a 5-min interval (although longer intervals have not been tested) (Vlach & DeBrock,
2019). Given the lack of reliable ostensive cues in real-life environments (Cartmill et al.,
2013; Quine, 1960) and the sheer number of words to be learned (Nagy and Anderson, 1982),
cross-situational word learning may be necessary to the optimal building of a lexicon.

There are two primary competing accounts of the processes underlying cross-situational
learning. These accounts differ primarily in the extent to which implicit statistical learning
mechanisms are assumed to contribute to the learning process. Statistical learning can be
broadly defined as the gradual (over many exposures), incidental learning of patterns or reg-
ularities extracted from the environment (Conway, 2020). Thus, extracting regularities from
the co-occurrences of words and their referents across multiple contexts can be viewed as a
type of statistical learning. Indeed, one account of cross-situational learning highlights its sta-
tistical nature. This account proposes that learning emerges from the gradual aggregation of
reliable co-occurrence data that increases the weight of the ultimately correct word-referent
associations (Smith & Yu, 2008; Yurovsky, Fricker, Yu, & Smith, 2014). Another account
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recognizes that the application of propositional logic leads the learner to hypothesize word-
referent associations quickly, at a more or less conscious level. The hypothesis is subsequently
strengthened over additional situations unless those situations provide counterevidence, in
which case a new hypothesis is proposed and verified (Medina, Snedeker, Trueswell, & Gleit-
man, 2011; Trueswell, Medina, Hafri, & Gleitman, 2013; Woodard et al., 2016). One key
difference between the two accounts is whether the learner tracks multiple hypotheses or one.
Under the aggregation account, learners track the co-occurrence between a word and all pos-
sible referents in the context; therefore, even when they incorrectly link a word to a referent
on a given trial, they benefit from that experience on subsequent trials because they have
retained a memory of the other potential referents. In contrast, under the propose-but-verify
account, learners do not encode information about all objects present in the context of a trial.
Instead, they commit to a given word-to-referent link and, if subsequent data prove them
wrong, they will fall back to the baseline level of performance because they have not tracked
other possibilities.

There is growing evidence that gradual aggregation and propose-but-verify strategies likely
coexist (Roembke & McMurray, 2016; Stevens, Gleitman, Trueswell, & Yang, 2017; Xu &
Tenenbaum, 2007; Yurovksy & Frank, 2015), thus motivating a hybrid model. Under the
hybrid account, the learner forms a hypothesis space of probabilistic form-referent links.
With each occurrence of the word, the likelihood of each hypothesis being correct changes
in proportion to the probability of the hypothesized word meaning being correct given the
available data. In other words, learners do propose hypotheses but also keep track of prob-
abilistic co-occurrences. In one hybrid account, the effect of previous accuracy on current
accuracy tends to increase over time, suggesting that propose-but-verify strategies may be
a product of learning accomplished by gradual aggregation of available data (Roembke &
McMurray, 2016). That is, learners may leverage statistical aggregation early in the learn-
ing process when word-referent associations are weak. Later in the learning process, learners
may make use of strengthening associations to propose hypotheses (or bias attention toward)
the correct word-referent association (Bhat, Spencer, & Samuelson, 2021). Hybrid or flexible
strategy use would appear to be highly adaptive given the extreme variations in context and
task demands that learners likely encounter in everyday life.

Relative reliance on aggregation versus hypothesis-testing mechanisms in cross-situational
word learning may vary with the task, context, degree of ambiguity, and the number of
unfamiliar words encountered in the task. On the whole, learners in the laboratory depend
more heavily upon an aggregation approach when there are fewer words to be learned, many
exposures to each word, or no overt response requirements (Dautriche & Chemla, 2014;
Roembke & McMurray, 2016; Stevens et al., 2017; Yurovsky & Frank, 2015). Increasing
the number of words to be learned and the number of competitors appearing alongside them,
reducing the number of exposures, or requiring an overt guess on each trial tends to move
learners toward a propose-but-verify strategy, as does structuring the trials in such a way as to
permit the application of the principle of mutual exclusivity (Kachergis et al., 2013; Roembke
& McMurray, 2016). As for the latter, Roembke and McMurray (2016) allowed objects to
appear as targets (when they were named) but also as foils (alongside other objects being
named). They found an effect of “last-foil-accuracy” such that learners were more accurate
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on a given trial if they had previously identified an object that served as a foil on that trial.
As foils repeat, learners can leverage their knowledge of the foils to infer a word-to-referent

mapping.

1.1. Learners’ access to cross-situational data

Models of cross-situational learning, whether gradual aggregation, propose but verify, or
a hybrid of the two, should specify the abilities that the learner must apply to the task, an
issue that has received little attention in the literature on cross-situational learning. Is cross-
situational learning robust in all learners? If not, which learner characteristics predict better
or worse outcomes? Two sets of findings, one from bilingual adults and the other from mono-
lingual children and adults, provide clues.

There is some evidence that bilinguals may outperform monolinguals on cross-situational
word learning tasks (Benitez et al., 2016; Escudero, Mulak, Fu, & Singh, 2016) as they do
when learning words via ostensive naming (Kaushanskaya and Marian, 2009; Bartolotti and
Marian, 2012), although we note that this advantage is not always robust, and may be present
only under certain circumstances (Poepsel & Weiss, 2016). When the advantage is found, it is
hypothesized to relate to differences in prior metalinguistic knowledge and potential strengths
in attention and memory.

Individual differences among monolingual children and adults reinforce this hypothesis.
For example, Vlach and DeBrock (2017) found positive correlations between cross-situational
word learning outcomes of preschoolers and their extant vocabulary knowledge and memory
for paired associates, with memory abilities being the stronger predictor. In a second experi-
ment, they measured children’s recognition memory for novel objects, novel words, and the
linking of novel words to novel objects following an ostensive teaching paradigm. They then
exposed those same children to cross-situational learning opportunities. All three memory
measures predicted variance in cross-situational word learning over and beyond the children’s
chronological age.

Another example comes from Yu and Smith (2011). They grouped infant participants
according to their cross-situational word learning outcomes and then examined the eye gaze
behaviors recorded during learning. The stronger learners had fewer and longer fixations on
the object stimuli during learning than the weaker learners, behaviors taken as a sign of bet-
ter sustained attention. In subsequent work, Smith and Yu (2013) determined that sustained
attention to novelty (externally driven attention) detracted from learning, whereas sustained
attention to longer-term regularities, such as reoccurring word-object pairings (endogenously
driven attention), was a sign of better learning. Children with stronger endogenous atten-
tion not only demonstrated better cross-situational word learning but also had greater extant
vocabulary knowledge. Relatedly, Toro, Sinnett, and Soto-Faraco (2005) found that statisti-
cal learning of speech segmentation was impaired when participants’ attention was diverted
from the task. A third and final example comes from Scott and Fisher (2012). They found
that, among 2-year-olds, only those with larger vocabularies could learn transitive verbs in a
cross-situational paradigm.
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Across these studies of bilingual adults and monolingual children, a pattern emerges: The
success of cross-situational word learning varies with the learners’ prior knowledge of the
language, especially extant vocabulary knowledge, their ability to sustain attention to rele-
vant information, and their memory abilities. Everyday environments provide statistical infor-
mation that can, theoretically, support word learning, but as Smith, Suanda, and Yu (2014,
p. 5) note, “... the data relevant to a statistical learner are not the data in the world but the
data in the world filtered through the learners’ sensory, attentional and memory systems.” A
complete account of cross-situational word learning requires understanding how these mech-
anisms enable or impede success.

The current study constitutes a natural experiment of sorts. Children with developmental
language disorder (DLD) are presented as a test case to demonstrate how the approach to and
outcomes of cross-situational learning vary with the characteristics of the learner. DLD, also
termed specific language impairment, is a neurodevelopmental condition affecting approx-
imately 7% of the population (Norbury et al., 2016). DLD is characterized primarily by
deficits in language comprehension and production, especially in morpho-syntax. These chil-
dren do not have intellectual disabilities, but they have known weaknesses in three relevant
domains: extant language knowledge, attention, and memory. The goal of the current study is
to compare cross-situational learning performance in children with DLD to typically devel-
oping (TD) children. Because these TD children are the same age and thus have had a similar
amount of real-world word learning experience, one can draw firmer conclusions about the
cognitive mechanisms that enable cross-situational word learning. Specifically, if TD children
outperform children with DLD, one might conclude that statistical co-occurrence information
is not equally accessible to all learners. Moreover, if patterns of strategy use vary between the
groups, regardless of success, we will have evidence of the multiple routes that make word
learning viable within a given context. Finally, relationships between outcomes and abilities
determined by independent measures of extant vocabulary, attention, and memory will pro-
vide supporting evidence for hypothesized bases of cross-situational learning and will serve
to clarify the mechanisms that are most important to successful learning.

1.2. Three weaknesses that characterize DLD

1.2.1. Vocabulary knowledge

As a group, people with DLD present with smaller and less rich lexicons than their typ-
ical peers (McGregor, Oleson, Bahnsen, & Duff, 2013). Signs of their vocabulary problems
include slow (Lahey & Edwards, 1996) or errorful naming (Lahey & Edwards, 1999; McGre-
gor et al., 2002), as well as difficulties parsing and explaining the modifier—head relation-
ships in compound words (McGregor, Rost, Guo, & Sheng, 2010), identifying subordinate
word meanings (Norbury, 2005), making lexical decisions (Edwards & Lahey, 1996, but see
Haebig, Kaushanskaya, & Weismer, 2015), naming semantic associates (Sheng & McGre-
gor, 2010), and judging the prototypicality of category referents (Alt, Meyers, & Alt, 2013).
On receptive single-word vocabulary tests, people with DLD tend to score within the average
range but statistically lower than their matched TD peers (Alt et al., 2013; Gray, Plante, Vance,
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& Henrichsen, 1999; Haebig et al., 2015; McGregor et al., 2002, 2010, 2012; McGregor et al.,
2020; McGregor, Arbisi-Kelm, Eden, & Oleson, 2020).

1.2.2. Memory

In contrast to prior research on memory for paired associates (Vlach & DeBrock, 2017), the
focus of the current study is on phonological working memory. We chose this as the memory
construct of interest because, during cross-situational word learning, the learner must hold an
unfamiliar word form in phonological memory while determining its referent. In typical chil-
dren, phonological working memory as measured by nonword repetition predicts the accuracy
of the recognition and production of new words taught directly in the laboratory (Adlof & Pat-
ten, 2017) and the accrual of vocabulary over time in the everyday world (Gathercole, 2006).
One of the most reliable markers of DLD is low performance on nonword repetition tasks.
Gathercole and Baddeley (1990) first reported that children with DLD were less accurate in
their repetition of nonwords than their younger TD peers who had similar language develop-
ment levels as measured by tests of receptive vocabulary and reading. In a meta-analysis of
23 studies, Graf Estes, Evans, and Else-Quest (2007) found that, on nonword repetition tasks,
children with DLD averaged 1.27 standard deviations below typical peers matched on age,
language ability, or nonverbal cognition.

1.2.3. Sustained attention

As a group, people with DLD exhibit poor endogenously controlled sustained attention rel-
ative to their TD peers in tasks of auditory or visual-spatial sustained attention (Kapa, Plante,
& Doubleday, 2017; Montgomery, Evans, & Gillam, 2009; Noterdaeme, Amorosa, Milden-
berger, Sitter, & Minow, 2001; Smolak et al., 2020; Spaulding, Plante, & Vance, 2008). A
meta-analysis revealed that children with DLD perform 0.69 standard deviations below their
peers in sustained attention tasks (0.82 SD in auditory linguistic tasks, 0.61 SD in auditory
nonlinguistic tasks, and 0.47 SD in visual-spatial tasks, Ebert & Kohnert, 2011). Moreover,
individual differences in sustained attention abilities among children with DLD are positively
related to working memory and language abilities (Kapa et al., 2017; Montgomery et al.,
2009; Smolak et al., 2020; Spaulding et al., 2008).

1.3. Word learning among children with DLD

Our current understanding of the word-learning abilities of individuals with DLD is based
mainly on ostensive naming paradigms in the laboratory or explicit teaching in the clinic. In
these contexts, people with DLD require more exposure (Gray, 2003, 2004, 2005; McGregor
et al., 2020), more supportive ostensive cues (Kapantzoglou, Restrepo, & Thompson, 2012;
Liike & Ritterfeld, 2014), or more retrieval practice (i.e., naming with feedback, Leonard,
Deevy, Karpicke, Christ, & Kueser, 2020; McGregor, Gordon, Eden, Arbisi-Kelm, & Oleson,
2017) to learn as many words as their typical peers. Effect sizes are moderate, on average
(Kan & Windsor, 2010). The learning of word forms presents a more significant obstacle than
learning word referents, which holds for children (Gray, 2004; Leonard et al., 2019) and adults
(McGregor et al., 2020; McGregor, Licandro, et al., 2013) with DLD. For example, while
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learning new words via retrieval practice, adults with DLD made more errors in word form
production, alone or in combination with errors in linking forms to the correct referents than
their typical peers. However, the number of pure link errors did not differ by group. Linking
words to the referents they name appears to be a relative strength, at least as measured in
ostensive naming contexts (Gray, 2004; Leonard et al., 2019; McGregor et al., 2020) or in
contexts that cue that mapping via mutual exclusivity (Dollaghan, 1987; Estis & Beverly,
2015; Lewis, Cristiano, Lake, Kwan, & Frank, 2020). For example, Estis and Beverly (2015)
found that, by age 6, children with DLD reliably infer that a novel word names an unfamiliar
object, not a familiar object.

To our knowledge, there is only a single study on cross-situational word learning in chil-
dren with DLD (Ahufinger, Guerra, Ferinu, Andreu, & Sanz-Torrent, 2021). In this study,
school-aged TD children and children with DLD were presented with two novel words and
two potential referents on each trial. Across trials, a novel word occurred with its referent
100% of the time, a strong competitor 50% of the time, and a weak competitor 25% of
the time. Children’s eye gaze during learning trials was recorded, and their learning per-
formance was assessed on an alternative forced-choice (AFC) posttest in which the child saw
four pictured referents and pointed to the one being named. Although both groups of chil-
dren performed above chance, TD children significantly outperformed children with DLD.
Additionally, children with DLD chose the weak competitor significantly more often than
TD children, suggesting that TD children were more adept at extracting co-occurrence fre-
quency information. Finally, eye-tracking data suggested that children with DLD were less
confident in their responses than were TD children. Even when they focused on the correct
referent, they spent more time looking at the competitor than did their peers. Given results
from this study and evidence that children with DLD exhibit problems in using statistical
information to support speech segmentation (Evans, Saffran, & Robe-Torres, 2009; Haebig,
Saffran, & Ellis Weismer, 2017) and the learning of grammatical constructions (Grunow et al.,
2006; Hsu, Tomblin, & Christiansen, 2014; Lum, Conti-Ramsden, Morgan, & Ullman, 2014;
Plante et al., 2002; Torkildsen, Dailey, Aguilar, Gémez, & Plante, 2013), grammatical gen-
der marking (Richardson et al., 2006), or stress assignment rules (Plante, Bahl, Vance, &
Gerken, 2010), we anticipated a gap in cross-situational word learning between TD children
and children with DLD in the present study. The present research expands upon the study
by Ahufinger et al. (2021) by (1) instructing children to make an overt response/guess dur-
ing learning, thereby allowing us to analyze change in performance over time, trial by trial
and cycle by cycle, and (2) investigating the relationship between cross-situational learning
performance and vocabulary, attention, and phonological working memory.

1.4. The current study

The goal was to determine whether and how children with DLD differ from their typical
peers in using cross-situational information in support of word learning. To achieve this
goal, we compared the two groups of children on accuracy during learning, strategy use
during learning, accuracy after a 5-min retention interval, and the extent to which extant
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vocabulary, endogenous attention, and phonological working memory accounted for their
performance.

In the cross-situational word learning paradigm used here, a single cycle involved 12 trials,
one for each of 12 novel words to be learned. Each trial consisted of two pictured items on
a touch screen and a single novel word. Children were instructed to touch the picture being
named. The 12 items to be learned appeared as referents (once per cycle) and foils (randomly
selected from the remaining 11 items). This manipulation served to structure the hypothesis
space for the learners. Specifically, it enabled them to propose word-referent mappings via
mutual exclusivity. The cycles repeated for a total of six exposures to each novel word-referent
pairing. With this paradigm, we addressed four questions and associated predictions:

1) Does performance accuracy vary for the DLD and TD groups within and across learn-
ing cycles? We predicted that the DLD group would be less accurate than the TD
group (a main effect of diagnostic group) and demonstrate a shallower learning trajec-
tory over the six cycles (a group x cycle interaction).

2) Do learning strategies vary for the DLD and TD groups? Learners could apply
three strategies and their combinations: mutual exclusivity, statistical aggregation, and
propose-but-verify. Evidence of mutual exclusivity would be above chance perfor-
mance on cycle 1 before cross-cycle statistical information was available. Additional
evidence would be an effect of trial such that performance improved over trials within
a cycle as items previously presented as referents were repeated as foils, or vice versa.
Evidence of an aggregation strategy would be performance that improved from cycle
to cycle regardless of previous item-level accuracy. Evidence in support of a propose-
but-verify strategy would be performance that improved over cycles but in a way
that depended on the accuracy of the item when previously encountered. If children
guessed correctly on certain items in a given cycle, they would continue to guess cor-
rectly on the next cycle. However, if they guessed incorrectly, performance would drop
back to baseline levels. Evidence in support of a hybrid strategy would be a propose-
but-verify strategy in which the dependency of a correct response on a previous correct
response grew over time. Alternative evidence supporting a hybrid strategy could be
aggregation, which was slower for previously incorrect than correct selections but still
above baseline levels. We predicted that, given their age, both groups would apply
the mutual exclusivity heuristic (Dollaghan, 1987; Lewis et al., 2020). Given that
mutual exclusivity information and overt responses promote a propositional approach
(Kachergis et al., 2013; Roembke & McMurray, 2016), we also predicted that both
groups would evince a propose-but-verify strategy. However, our paradigm did not
preclude the use of statistical aggregation. In fact, two features of our paradigm, few
competitors and cycles, tend to promote statistical aggregation (Kachergis et al., 2013;
Roembke & McMurray, 2016). Given the statistical learning deficits associated with
DLD, we hypothesized that an aggregation strategy would be less evident for the DLD
group than the TD group.

3) Do learning outcomes vary for the DLD and TD groups as measured after a 5-min
retention interval? We assessed children’s performance on two 3AFC posttests that
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tapped their knowledge of the word forms and the links between the words and their
referents. Given predicted differences in accuracy and trajectory across cycles and
only six cycles to learn from, we predicted that the DLD group would have poorer
learning outcomes than the TD group on both measures. Given that people with DLD
tend to find word forms particularly challenging to learn, we predicted an interaction
such that the gap between groups on the 3AFC form test would be larger than the gap
on the 3AFC link test. Ahufinger et al. (2021) reported lower link recognition among
learners with DLD than learners with TD, but they did not measure form recognition.

4)  Which cognitive mechanisms are associated with learning and retention, and do these
vary with group? Because cross-situational word learning requires memory for phono-
logical forms, attention to visual referents, and operations that link forms and referents
in memory to other lexical entries over time, we predicted that phonological working
memory, sustained attention, and vocabulary performance would account for variance
in outcomes. Of course, any associations obtained could result from the reverse rela-
tionship. In particular, if cross-situational learning is a viable means of word learning
in the wild, one would expect a positive relationship between the outcomes on both
learning and retention measures (how well they learn words) and extant vocabulary
size (how many words they have accrued over time). Given the scant previous lit-
erature on cross-situational word learning among people with DLD, we had no firm
prediction about how these relationships would vary by diagnostic group.

2. Materials and methods

2.1. Participants

All participants were enrolled in a longitudinal study of changes in word learning over
the first 4 years of primary education (McGregor, 2017). The results reported here were col-
lected when the children were in the first grade. The Institutional Review Board at Boys Town
National Research Hospital approved all recruitment and study procedures. The participants
and their parents gave informed consent to participate.

There were 72 participants, 28 in the DLD group and 44 in the TD group. Table 1 sum-
marizes their demographic characteristics and test scores. To qualify for the DLD group, a
child had to score below the 15th percentile on a sentence recall screening task developed by
Redmond (2005) and score below a standard score of 92 on the Test of Narrative Language,
first or second edition (TNL-1, Gillam & Pearson, 2004; TNL-2, Gilliam & Pearson, 2017).
The TNL is appropriate for the ages of interest; it taps multiple domains of receptive and
expressive language; it is normed nationwide; and it exhibits minimal gender or racial bias
(Gillam & Pearson, 2004). The cutoff of 92 allows identification of DLD with a sensitivity
and a specificity of 92% (Gilliam & Person, 2017). To qualify for the TD group, a child had
to score above the cutoffs on the sentence recall task and the TNL. Extensive case histories
were collected to ensure that none of the children in the DLD or TD groups had diagnoses
of autism spectrum disorder or intellectual disability and that none in the TD group had a
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Table 1
Comparison of demographic characteristics and test scores of the participant groups
Descriptive Effect
Measure statistic DLD N =28 TD N =44 t p size d
Age mean (SD) 86.68 (6.20) 86.59 (4.63) -0.07 95  -0.02
(months) range 72-96 76-98
Parental education mean (SD) 14.21 (2.51) 16.91 (2.17) 483 <.001 1.12
(years) range 10-20 12-22
TNL mean (SD) 82.29 (6.95) 111.5(9.04) 1456 <.001 3.52
(standard score) range 61-91 94-127
Nonverbal 1Q mean (SD) 89.32 (10.94)  107.6 (10.50) 7.08 <.001 1.71
(standard score)
range 71-116 86—-130
NIH Vocab mean (SD) 91.82 (13.71) 111.25(14.23) 5.73 <.001 1.38
(standard score) range 75-116 78-140
Track-It Attention mean (SD) 0.69 (0.31) 0.86 (0.22) 2.74 .008 0.67
(proportion correct for correct
memory trials, heterogeneous range 0-1 0-1
condition)
NWR mean (SD) 0.68 (0.13) 0.81 (0.085) 5.04 <.001 1.22
(proportion phonemes correct)
range 0.29-0.88 0.54-0.96

Abbreviations: NIH Vocab, the vocabulary subtest from the NIH Toolbox; Nonverbal IQ, the nonverbal com-
posite score from the Wechsler Abbreviated Scale of Intelligence-1I Performance Index (WASI-II; Wechsler, 2011)
or the KBIT (The Kaufman Brief Intelligence Test 2nd Edition, KBIT-2; Kaufman & Kaufman, 2004); NWR, the
Nonword Repetition Task in Dollaghan and Campbell (1998); TNL, Test of Narrative Language.

history of DLD. Because attention deficit hyperactivity disorder (ADHD) is highly comor-
bid with DLD (Beitchman, Nair, Clegg, Ferguson, & Patel, 1986; Sciberras et al., 2014), the
presence of ADHD was free to vary in both groups. Two children in the TD group and three
children in the DLD group had a diagnosis of ADHD.

To rule out hearing loss, participants had to pass an audiometric screening (American
Speech-Languag-Hearing Association, no date) and, to rule out intellectual disability, they
had to score 70 or above on a nonverbal IQ measure: either the Matrices and Block Design
subtests of the Wechsler Abbreviated Scale of Intelligence-11 Performance Index (WASI-II;
Wechsler, 2011) or, for one child, the Kaufiman Brief Intelligence Test 2nd Edition (KBIT-2;
Kaufman & Kaufman, 2004). All participants were monolingual speakers of English.

With the exception of the matching variable age, the DLD and TD groups differed sig-
nificantly and with moderate to large effect sizes on all intake measures, including parental
education and nonverbal 1Q. These differences are characteristics of the population (Gallinat
& Spaulding, 2014; Rudolph, 2017). The last three entries in Table 1 are the scores used
as predictors of cross-situational outcomes. The Early Childhood Picture Vocabulary Test
from the NIH Toolbox (Gershon et al., 2013; Weintraub et al., 2013) assesses auditory
single word comprehension in an adaptive procedure. The standard score, corrected for
age, served as a proxy for extant vocabulary size. On the Track-It Sustained Attention Task
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(Erickson et al., 2015; Fisher et al., 2013, http://www.psy.cmu.edu/~trackit), children visually
track a target shape as it moves among other foil shapes. After the trial, the child identifies
the final position of the target and then demonstrates memory for the target in an AFC array.
When the target moves among foils that differ in shapes and color (heterogeneous condition),
one can derive a measure of endogenous attention by calculating proportion of trials correct
after removing incorrect trials on the memory probe (Fisher, Thiessen, Godwin, Kloos, &
Dickerson, 2013). The sustained attention performance of 67 children in the current study
is explored in detail in Smolak et al. (2020). The score derived from the nonword repetition
task (Dollaghan & Campbell, 1998) was the proportion of phonemes correctly repeated, a
proxy for phonological working memory ability.

To anticipate the need to interpret any observed sex differences in learning trajectories
or outcomes, note that there were no significant differences between boys and girls in age,
parental education, TNL, nonverbal 1Q, vocabulary, sustained attention, or nonword repetition
(all ps > .17).

2.2. Stimuli

The stimuli were eight sets of 12 unfamiliar objects depicted in color photographs and
their novel names. The objects were rare (unfamiliar to adult judges) mammals, birds, flow-
ers, and fruits/vegetables. Two familiar words and pictured referents, dog and watermelon,
served as filler stimuli. One of the eight sets was assigned to each child in the year 1 cross-
situational learning study reported here (the others were assigned to other learning condi-
tions and years in a manner counterbalanced across children). The novel names, randomly
assigned to the objects, were mono- and disyllables created to accord with the phonotactics
of English. The range of phonotactic probability and lexical neighborhood density values
and their means were matched across the eight sets to ensure comparable learning and recall
challenges (Storkel & Lee, 2011). Multiple talkers recorded the stimulus items to facilitate
learning (Richtsmeier, Gerken, Goffman, & Hogan, 2009) and recognition (Creel, Aslin, &
Tanenhaus, 2008). For example, using multiple talkers has been shown to facilitate cross-
situational word learning in children with poor sustained attention skills (Crespo & Kaushan-
skaya, 2021). Additional details about the novel word stimuli are available in McGregor
(2021a,b).

2.3. Procedure

The cross-situational learning paradigm comprised six cycles of 14 trials each, one trial
for each of the 12 words to be learned, plus two filler trials in which watermelon and dog
were always paired. Filler trials were meant to prevent the children with DLD from getting
discouraged by potentially low performance and to signal to all learners that asking them to
identify the same set of referents six times in a row was not necessarily an indication of an
error on their part. The order of trials was randomized within cycles across participants.

The number of words and cycles was determined by a review of the literature and piloting.
Yu and Smith (2007) gave adult learners 18 words to learn in six cycles, and Trueswell et al.
(2013) gave adult learners 12 words to learn in five cycles, but each of these tasks was harder
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"Guess the zote"

Fig 1. An example of stimulus presentation.

than the one proposed here because each involved more than one word or more than two
referents per trial. After piloting five cycles for 12 words, a sixth cycle was added to increase
the likelihood that children with DLD would perform better than chance by the end of the
training.

On each trial, the participant saw two pictured items on the computer screen, the referent
and a foil, and 500 ms later heard “guess the X,” with X being the name of the referent (Fig. 1).
In contrast to Ahufinger et al. (2021), where children were exposed to word-referent pairings
during training but did not provide a response, in the current study, participants answered
by touching one of the two items on the screen. For any given trial within a cycle, the foil
that accompanied the referent was a random selection from the remaining 11 items. In other
words, a pictured item appeared once per cycle as a referent, but it could also appear more
than once as a foil. In this way, a participant could perform better than chance without tracking
across-cycle information.

This possibility is most easily understood by consulting the example in Table 2. In this
example, the participant guessed the referent for the target word zote (paired with the zote
and pargle referents) correctly in cycle 1-trial 1. The zote referent then appeared as a foil
for cycle 1-trial 6 klotig (paired with the klotig and zote referents) and cycle 1-trial 14 brep
(paired with the brep and zote referents). This participant also correctly identified the referents
for klotig and brep. Armed with the principle of mutual exclusivity and a hypothesis about
the meaning of zote (or something less conscious, like the strength of the previous zote—zote
association), the participant could infer that the other pictured item was the named referent.
Note that even when the hypothesized meaning is wrong, the reappearance of foils could aid
the learner. Consider cycle 4-trial 1, where the participant incorrectly selected the foil garp
as the referent for the target word naskin. When the garp reappeared as a foil on trial 8, he
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correctly guessed the chawg. It does not matter that he thinks garps are called naskins; he can
determine that they are not called chawgs.

Across cycles, there was additional information available to support learning. Specifically,
the co-occurrence frequency of a word with its target referent was 100% (six of six cycles),
and the co-occurrence of a word with a given pictured foil was 17% (one of six cycles) for four
foils and 33% (two of six) for one foil. Thus, the consistent pairing of word and referent across
all six cycles together with the inconsistent pairing of word to foil enabled a correct outcome
under either propose-but-verify or statistical aggregation strategies. Of course, both strategies
depend on the ability to attend to and remember information across cycles, so although perfect
performance is theoretically possible by the end of the sixth cycle, it is unlikely.

Following the cross-situational learning task was a 5-min retention interval during which
the child conversed with the examiner to minimize the chance of rehearsal. The 3AFC form
recognition test and the 3AFC word-to-referent link recognition test were then administered,
in that order so that the test that involved the most cueing was last. On each trial of the form
recognition task, the child heard a trained word (e.g., zote) along with two untrained words
that differed from the trained word on a single medial or final consonant (e.g., zoke, zofe). A
dot appeared on the screen as each word played. The child was instructed to touch the dot
that matched the word they had heard in training. To ensure that the child listened to all three
choices, the touch function was activated after all three dots were on the screen. The order
of target and foils varied across trials. On each trial of the word-to-referent link recognition
test, the child saw three pictured objects from the training set on the computer screen, heard
a word that labeled one of them, and touched the picture that matched the label. Each trained
referent served once as the target and, via random selection, twice as a foil. For both tests,
each trial ended with the child’s touch or after 3 s, whichever came first.

2.4. Data analysis

We conducted a Bayesian hierarchical logistic regression transition analysis because it
is well suited for modeling complex scientific phenomena in which prior knowledge influ-
ences performance, it does not require large samples, and, given the data and a prior dis-
tribution, it yields a posterior probability distribution of the effect size rather than a sin-
gle point estimate (Oleson, Brown, & McCreery, 2019; Smit, Milne, Dean, & Weidemann,
2019; van de Schoot & Depaoli, 2014). The outcome variable was whether the individual
correctly identified the referent upon hearing the word on each cycle, which was assumed
to follow a Bernoulli distribution with a probability of success 7. A logit transformation
was then taken on 7 to set up a logistic regression for the probability of successfully
identifying each word correctly. The terms in the logistic regression model included a lag
effect to capture the fact that the probability of a correct answer may depend upon accu-
racy in the previous cycle. Other covariates in the model included diagnostic group (DLD,
reference = TD), trial (1,...,12), cycle (reference = 1, 2,...,6), and two-way interactions
between diagnostic group and lag, trial, and cycle. Nonverbal IQ was not included as a
covariate because it captured no variance beyond that captured by diagnostic group (see
details at https://osf.io/u78pr/?view_only=1bb11610c10a415d90b938e12e737fac). Sex was


https://osf.io/u78pr/?view_only=1bb11610c10a415d90b938e12e737fac

K. K. McGregor et al./ Cognitive Science 46 (2022) 15 of 35

not included as a covariate because a preliminary two-sample Welch’s #-test to compare the
mean accuracy across all cycles for boys (54%) versus girls (49%) was not significant, #(60.8),
p = .322. There was also a random effect for subject to allow for correlation between repeated
observations per subject and a random effect for item to account for some items being poten-
tially harder than others.

A vague normal prior distribution with a mean of 0 and a variance of 100 was placed on the
coefficients representing diagnosis, trial, lag, cycle, and the interactions. The vague normal
prior distribution essentially placed a noninformative prior on beliefs about these estimates,
thus allowing the data to drive the model. For the subject and item effects, a vague normal
prior distribution was used N (0,0%) with the variance parameters for both subject and item
receiving an inverse gamma prior (0.01, 0.01).

The analysis was performed in R (R Core Team, 2020) and run in OpenBUGS using the
R20penBugs package. There were three chains with different starting values, where each
chain ran for 50,000 iterations after a burn-in of 20,000 iterations to reach convergence. All
Gelman—Rubin convergence diagnostics equaled 1.0, which indicates that convergence was
met for all model parameters.

To test outcomes as measured after a retention interval, proportion correct scores per par-
ticipant were computed across the 12 items per 3AFC form and 3AFC link tasks. Those
proportion correct scores served as the dependent variable in a Bayesian linear mixed model.
The fixed effects were word component (form, reference = link) and diagnostic group (DLD,
reference = TD) as well as the interactions between word component and diagnostic group. A
random intercept for subject was included because the word component was a within-subject
variable. Analyses were conducted in the BRugs package in R. There were three chains with
different starting values, where each chain ran for 10,000 iterations after a burn-in of 5000
iterations to reach convergence.

To determine predictors of learning and retention, zero-order correlations were examined,
and then three relative importance analyses were conducted to determine the relative con-
tribution of endogenous attention, phonological working memory, and extant vocabulary to
performance on (a) the final cycle of learning and after a 5-min retention interval as deter-
mined by (b) the 3AFC form task and (c) the 3AFC link task. In relative importance analyses
(Johnson, 2000), orthogonal variables are created to determine how much unique variance
in the dependent measure is explained by each predictor. This procedure offers advantages
over multiple regression when predictors are correlated and is a more accurate method of
partitioning out variance explained by each predictor variable. The analysis was conducted
in R (R Core Team, 2020) using the script in Tonidandel and LeBreton (2015). After com-
puting orthogonal raw correlations and 95% confidence intervals for vocabulary, attention,
and phonological working memory, weights were rescaled to represent the proportion of total
variance accounted for by each predictor for the sample as a whole and individually for the
DLD and TD groups. The significance of each weight was determined via a bootstrap proce-
dure of 10,000 iterations with replacement (Tonidandel, LeBreton, & Johnson, 2009). Finally,
whether the weights for attention, phonological working memory, and vocabulary were sta-
tistically different between the two groups was determined.
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Mean Proportion Correct

00 02 04 06 08 10

Fig 2. Mean proportion of correct referent selections during cross-situational learning by diagnostic group (devel-
opmental language disorder and typical development) and cycles (1-6). Note that chance is 0.50.

All raw data and analysis codes are available in Open Science Framework at https://osf.io/
u78pr/?view_only=1bb11610c10a415d90b938e12e737fac

3. Results

3.1. Accuracy and improvement over cycles

Fig. 2 displays the smoothed raw data as the mean proportion of items correct per cycle for
the two diagnostic groups. On cycle 1, the TD group performed above chance, 7 (43) = 5.01,
p < .001, whereas the DLD group was at chance, ¢ (27) = 0.58, p = .57. By the final cycle,
the DLD group averaged 62% correct (SD = 18%) and the TD group averaged 77% correct
(8D = 14%), a numeric difference of 15%.

The outcomes of the Bayesian logistic regression transition analysis applied to the accu-
racy data appear in Table 3; details appear in (see details at https://osf.io/u78pr/?view_only=
1bb11610c10a415d90b938e12e737fac). Reliable effects were those with credible intervals
that did not include zero. There was a reliable effect of diagnostic group, favoring the TD
group. The odds were 83% higher that a person in the TD group would answer correctly at
cycle 1 relative to a person in the DLD group from cycle 1 to 3; and reliable lag effects at lags
3to4,41t05,and 5 to 6. None of the interactions were reliable.

To better understand the contribution of trials and cycles to learning, consider that for
every 1 unit increase in trial, there was a multiplicative effect of 1.019 on the odds that a
TD individual would answer correctly; a 1.9% increase in odds for every trial accrued from
1 to 12. The effect was numerically larger for the DLD group with an odds ratio estimate
of (exp(0.0194-0.020) = 1.040), a 4% increase in odds per trial. The cycle effects represent
the size of the deviation from cycle 1 for the TD group (the referent group) after controlling
for variance related to subject, item, trial, and lag. The only reliable cycle effect was cycle
3, where the main effect has a 95% credible interval that does not include 0. The odds of a
correct answer were 51% higher in cycle 3 than in cycle 1 for the TD group. For the DLD
group, the odds of a correct answer were 16% higher in cycle 3 than cycle 1 (exp(0.41 —
0.263) = 1.158). Note that the odds for the TD and DLD group did not differ reliably (the
95% credible interval for the cycle 3 x diagnostic group interaction includes zero).
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Table 3
Summary statistics for the Bayesian logistic regression

Posterior®**  Posterior 95% Credible Odds  95% Odds ratio Inverted odds

Model parameter mean SD interval ratio  credible interval ratio”™”
Dx (TD is baseline) -0.606 0.216 (-1.031,-0.185)* 0.545  (0.357,0.831) 1.834 (1.203,
2.804)
Trial 0.019 0.018 (-0.004, 0.042)* 1.019  (0.999, 1.043)
Dx x Trial 0.020 0.018 (-0.016, 0.055) 1.020  (0.984, 1.057)
Cycle 1 0.424 0.140 (0.151, 0.698)* 1.528  (1.163,2.011)
Cycle 2 0.101 0.178 (-0.245, 0.453) 1.106  (0.782, 1.573)
Cycle 3 0.410 0.187 (0.047, 0.779)* 1.507  (1.048, 2.180)
Cycle 4 -0.078 0.191 (-0.450, 0.298) 0.925 (0.638, 1.347)
Cycle 5 0.235 0.195 (-0.145, 0.621) 1.265  (0.865, 1.861)
Cycle 6 0.321 0.217 (-0.097, 0.753) 1.379  (0.907,2.123)
Cycle 2 x Dx 0.203 0.266 (-0.318, 0.720) 1.224  (0.727,2.054)
Cycle 3 x Dx -0.263 0.276 (-0.802, 0.275) 0.769  (0.448,1.317)
Cycle 4 x Dx 0.172 0.284 (-0.388, 0.726) 1.188  (0.678,2.067)
Cycle 5 x Dx -0.118 0.282 (-0.673, 0.436) 0.889  (0.510, 1.546)
Cycle 6 x Dx -0.312 0.300 (-0.902, 0.275) 0.732  (0.406, 1.316)
Lagl (1-2) -0.064 0.195 (-0.446, 0.314) 0.938  (0.640, 1.369)
Lag2 (2-3) ~0.077 0205 (-0482,0322) 0926  (0.618, 1.380)
Lag3 (3-4) 0.677 0.210 (0.266, 1.086)* 1.969  (1.305,2.962)
Lag4 (4-5) 0.770 0.222 (0.334, 1.204)* 2.159  (1.397,3.333)
Lag5 (5-6) 0.539 0235  (0.078,0997)* 1714 (1.082,2.711)
Lagl x Dx -0.125 0.300 (-0.714, 0.462) 0.882  (0.490, 1.588)
Lag 2 x Dx 0.472 0.311 (-0.136, 1.087) 1.603  (0.873,2.965)
Lag 3 x Dx -0.443 0.314 (-1.057, 0.167) 0.642  (0.347,1.181)
Lag 4 x Dx -0.446 0.321 (-1.068, 0.181) 0.640  (0.344,1.198)
Lag 5 x Dx 0.246 0.338 (-0.414, 0.908) 1.279  (0.661, 2.480)

Abbreviations: Dx, diagnostic group; SD, standard deviation; TD, typically developing.

*The credible interval does not include 0.

**The posterior mean indicates the log odds of the probability of a correct answer.

*#*For ease of interpretation, the negative odds ratio was inverted from cycle 1 to 3; and reliable lag effects at
lags 3—4, 4-5, and 5-6.

Recall that lag effects indicate the extent to which accuracy at one cycle depended upon
accuracy at the just prior cycle. This dependence emerged only in the later cycles. Consider
lag 3 for example: for a participant with TD in cycle 4, the odds of answering correctly on an
item that had been correct in cycle 3 were 1.97 times the odds of answering correctly on an
item that had been incorrect (97% higher). For a participant with DLD, this value was 1.26
(exp(0.677 — 0.443) = 1.264; 26% higher). For lag 4, the odds that a participant with TD
would be correct on a previously correct item versus a previously incorrect item were 2.16
(116% higher) and for lag 5, the value was 1.74 (74% higher). For participants with DLD,
the lag 4 odds were 38% higher (exp(0.77 — 0.446) = 1.38) and for lag 5, they were 119%
(exp(0.539 + 0.246) = 2.19). Again, the credible interval for the diagnostic group x lag
interaction terms included 0, indicating that the lag effects for TD and DLD were not reliably
different from each other.
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Fig 3. Mean proportion of correct referent selections made during cross-situational learning by cycles (1-6). The
dotted line denotes chance; the solid line denotes mean accuracy in cycle 1.

At this point, we have answered the first research question, which pertained to accuracy.
As predicted, the DLD group performed less accurately than the TD group during learning.
Contrary to prediction, the lack of a group x cycle interaction suggests that the trajectory of
change in accuracy did not vary reliably by group.

We also have partial answers to the second research question, which pertained to strat-
egy use. A variety of strategies were evident. The trial effect suggests the use of mutual
exclusivity to propose word-referent mappings and the lack of a group x trial interaction
suggests that both groups made use of mutual exclusivity, although it is clear that the DLD
group did not do so with success in cycle 1. Early in the course of learning, from cycles
1 to 3, there was growth in accuracy, but that growth was not dependent upon prior accu-
racy; in other words, there was a reliable cycle effect but no lag effect. This pattern sug-
gests a statistical aggregation approach. In cycles 4-6, the significant lag effects demonstrate
that accuracy becomes dependent on prior accuracy in a manner consistent with propose-
but-verify.

Of particular interest is whether the shift from statistical aggregation to propose-but-verify
characterized both groups of learners. To test the robustness of these patterns, we examined
the posterior mean probabilities from the Bayesian hierarchical logistic regression transition
analysis; we compared the probabilities at each cycle to cycle 1. The raw data appear in Fig. 3
in the manner of Trueswell et al. (2013) and the results of this analysis are presented in Table 4
(see details at https://osf.io/u78pr/?view_only=1bb11610c10a415d90b938e12e737fac for
plots of the estimates of this model). Note that, in cycle 3, participants with TD demonstrated
an increase over the probability of a correct answer in cycle 1, regardless of accuracy in cycle
2. Clearly, they were retaining information about the foils that they had seen previously.
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Table 4
Summary statistics for probabilities relative to cycle 1 performance with developmental language disorder (DLD)
and typical development (TD)

TD DLD

Posterior 95% Credible Posterior 95% Credible
Cycle  Accuracy mean SD interval mean SD interval
2 0 0.023 0.042 (=0.059, 0.105) 0.075 0.049 (-0.022, 0.170)
3 0 0.092 0.041 (0.011, 0.170)* 0.037 0.051 (-0.063, 0.136)
4 0 -0.019 0.046 (=0.110, 0.070) 0.023 0.053 (-0.079, 0.126)
5 0 0.054 0.044 (-0.034, 0.139) 0.029 0.051 (-0.071, 0.128)
6 0 0.072 0.048 (-0.023, 0.164) 0.002 0.052 (-0.098, 0.104)
2 1 0.009 0.036 (=0.062, 0.078) 0.028 0.048 (-0.066, 0.122)
3 1 0.076 0.035 (0.008, 0.144)* 0.133 0.047 (0.041, 0.225)*
4 1 0.131 0.033 (0.066, 0.195)* 0.081 0.046 (=0.009, 0.172)
5 1 0.201 0.032 (0.139, 0.265)* 0.109 0.047 (0.017, 0.200)*
6 1 0.178 0.032 (0.116, 0.241)* 0.192 0.046 (0.101, 0.282)*

Abbreviation: SD, standard deviation.
*The credible interval does not include 0.

Table 5
Performance, relative to chance, on retention measures of word form and the link between the word form and its
referent

Word Proportion Probability >
component N Dx correct 95% Credible interval chance (.33)
Form 28 DLD 0.378 (0.300, 0.455) .886
Form 44 TD 0.559 (0.498, 0.621) 1.00
Link 28 DLD 0.461 (0.383, 0.539) 999
Link 44 TD 0.582 (0.521, 0.643) 1.00

Abbreviations: DLD, developmental language disorder; Dx, diagnostic group; NV, number of participants; TD,
typical development.

In contrast, in cycles 4-6, they demonstrated an increase over the probability of a correct
answer in cycle 1, but only for answers that had been correct on the previous cycle. Together,
these results are consistent with an aggregation strategy in early cycles, switching to a propose
but-verify strategy later. As predicted, the participants with DLD never evinced statistical
aggregation. However, on cycles 3, 5, and 6, they appear to have applied a propose-but-verify
strategy with success.

3.2. Learning outcomes

Proportion correct scores per participant were computed across the 12 items in the link
and form 3AFC tasks and used as the dependent variable in a Bayesian linear mixed model.
From the model, we computed the estimated proportion correct for each group and word
component combination. Then, we used the posterior estimate from the Bayesian model to
compute the probability that the diagnostic group performed better than chance (33%) on the
3AFC tasks of form and link recognition (Table 5). Note that the DLD group did not perform
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Table 6

Linear mixed model of retention performance

Effect Posterior mean SD 95% Credible interval Prob > 0
Intercept 0.58 0.03 (0.52, 0.64) 1.00
Form (link reference) -0.02 0.04 (=0.09, 0.05) 260
DLD (TD reference) -0.12 0.06 (-0.022, -0.02) .007%*
Form x Dx -0.06 0.06 (=0.17, 0.05) 139

Abbreviations: DLD, developmental language disorder; SD, posterior standard deviation; TD, typically devel-
opment.
*The credible interval does not include 0.

Table 7
Zero-order correlations of phonological short-term memory, extant vocabulary knowledge, and endogenous sus-
tained attention in predicting learning (cycle 6) and memory (3AFC form and link) outcomes

TD DLD
Vocabulary Attention Memory Vocabulary Attention Memory
Cycle 6 35% -.11 .09 17 A3%* -.08
Form 43% .10 24 21 —-.14 .03
Link A8* .16 .09 -.04 A1 .29

Note. Memory was measured as percent phonemes correct on a nonword repetition task; Vocabulary was mea-
sured as the standard score on the NIH Toolbox vocabulary test; Attention was measured as the endogenous
attention score on the Track-It sustained attention task.

Abbreviations: DLD, developmental language disorder; TD, typically developing.

*p < .05.

reliably above chance on form recognition. Consistent with prediction three, the TD group
outperformed the DLD group on the retention tasks (Table 6). Participants with DL.D scored
about 13% lower than those with TD, on average. However, contrary to prediction, there
was no interaction between word component and diagnostic group. The estimated Pearson
correlation between performance on form and link recognition was 0.40, p = <.001.

3.3. Mechanisms

For the TD group, vocabulary was positively and significantly associated with performance
on all learning outcome measures; for the DLD group, it was not (Table 7). The performance
of the DLD group during cycle 6 was positively and significantly associated with sustained
attention but not vocabulary or memory.

3.3.1. Cycle 6

In the first relative importance analysis, accuracy on the sixth and final learning cycle was
the dependent variable. Overall, 24% of the variance in accuracy was accounted for by the
three predictor variables. Vocabulary was the most important and only significant predic-
tor, accounting for 15% of the variance, and 65% of the total variance accounted for by all
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three predictors combined (Table 8). With groups examined separately, these predictors com-
bined accounted for 15% of the TD group variance and 21% of the DLD group variance. As
expected, given the pattern of correlations, there was a trend such that vocabulary played a
more significant role for the TD group, whereas attention played a more significant role for
the DLD group, but these weights were not statistically different between groups.

3.3.2. Form retention

Next, the relative importance of attention, phonological working memory, and vocabulary
to the outcomes on the 3AFC measure of word form recognition was determined. Together,
the three variables accounted for 30% of the total variance (Table 8). Overall, vocabulary
was the most important and only significant predictor, accounting for 22% of the variance
and 73% of the total variance accounted for by all three variables combined. With groups
examined separately, the three variables combined accounted for 21% of the variance in the
TD group but only 7% of the variance in the DLD group.

3.3.3. Link retention

Together, the three variables accounted for 18% of the total variance in 3AFC link perfor-
mance (Table 8). Overall, vocabulary was the most important and only significant predictor,
accounting for 12% of the variance and 63% of the total variance accounted for by all three
variables combined. With groups examined separately, these variables account for 23% of the
variance in the TD group but less than 10% of the variance in the DLD group. There was
a trend such that vocabulary played a greater role for the TD group, whereas phonological
working memory played a greater role for the DLD group. The difference in vocabulary as a
predictor for the two groups was statistically significant.

Thus, the fourth prediction, that individual differences in vocabulary knowledge, sustained
attention, and working memory would be associated with cross-situational word learning per-
formance, was partially supported. Vocabulary played a role in learning outcomes for TD
children, and sustained attention played a role for children with DLD in cycle 6. Relative
importance analyses identified vocabulary as the most important contributor to performance
overall.

4. Discussion

In this study, learners with DLD comprised a test case to explore the role of extant vocab-
ulary knowledge, endogenous attention, and phonological working memory abilities in the
accessibility of cross-situational word learning. On average, children with DLD perform more
poorly than typically developing agemates in these areas (Ebert & Kohnert, 2011; Graf Estes
et al., 2007; McGregor et al., 2013), and that was true in the current sample. That said, indi-
vidual variation within groups of learners with DLD can be considerable (McGregor, Arbisi-
Kelm, & Eden, 2017), which was also the case in the current sample. We made group compar-
isons and mined the individual variation to advance understanding of cross-situational word
learning.
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4.1. Word learning trajectories

Although there was a reliable main effect of diagnostic group, there were no interactions
between group and cycle or trial. The DLD groups were less accurate than their peers on
cycle 1 and remained lower in accuracy throughout the course of learning, but their growth
trajectories did not differ reliably. Contrary to our predictions, this would suggest that their
poorer outcome was not a matter of statistical learning deficits per se but of their ability to
reduce the computational load of the task before cross-situational cues were present.

The only information that could support better than chance performance in cycle 1 was
the repetition of referents as foils. As the trials progressed, a child’s mapping of a previous
referent that then reappeared as a foil could allow an inference that the never-before-presented
item was being named. Thus, at first glance, we might attribute the poorer outcome to a
problem in using a mutual exclusivity heuristic. However, such a problem seems at odds
with reports of children with DLD using mutual exclusivity successfully to infer word-to-
referent links by age 6 (Estis & Beverly, 2015). Moreover, the lack of diagnostic group x
trial interaction in the current study suggests that the children with DLD did make use of
trial-level information. In fact, the effect for the DLD group was numerically larger than the
effect for the TD group.

Previous reports of successful application of the mutual exclusivity heuristic by children
with DLD are based on referent arrays of one familiar and one novel object. Here, participants
had to infer that a previously presented novel object was an unlikely referent when paired with
a never presented novel object. The memory demands of novel-novel pairings present a more
difficult fast-mapping challenge than familiar—novel pairings even for typical children (Lewis
et al., 2020). We hypothesize that the challenge was too great for the children with DLD.
With subsequent cycles, the items and their names became more familiar and the children
with DLD were then able to make use of repetitions of items across trials to benefit from a
mutual exclusivity inference. In other words, we do not view performance gap in cycle 1 as
a problem with logical inference but as a problem in building the memory trace needed to
support the inference.

Indirect support for this hypothesis can be found in Bishop and Hsu (2015). In that study,
7-to-11-year-olds with DLD and two groups of typical peers, one matched for age and the
other for syntactic ability, learned to associate unfamiliar words with their pictured referents
(eight unfamiliar animals) over trials via a computer game. During the first phase of the game,
each referent was named twice for the child. In the next phase, the child saw an array of four
of the animal pictures and they selected the one being named. Feedback on the accuracy of
the selection was provided. This phase was repeated three times for each target word on each
of 4 days. Learners in this study had many cues available: ostensive naming on the first two
trials, cross-situational information, mutual exclusivity information, and feedback. Although
their learning protocol differed from ours, their findings were parallel. The children with DLD
(and their younger syntax-matched peers) were poorer than the typical agemates on the first
trial of the second phase, but they improved over trials at a similar rate. Relevant data also
appear in Haebig et al. (2019) and Leonard et al. (2019). In these studies, children with DL.D
and their typical agemates learned words via repeated spaced retrieval practice. Specifically,
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they saw one pictured referent at time, heard it named three times, and then were asked to
name the referent when it appeared on subsequent trials. Note that the mutual exclusivity
heuristic is not a relevant support for word learning in these two studies at all yet, again,
the children with DLD were less accurate than their TD peers on their first naming attempt
but they improved in accuracy over trials at a similar rate. Thus, we hypothesize that the
difficulties exhibited by the DLD group during cycle 1 had nothing to do with application
of the mutual exclusivity heuristic but everything to do with the novel information they were
trying to encode. When their memory for the new names and referents was fragile, they fared
poorly but with subsequent exposures, they learned at the same rate as their peers.

Note that the deficit in initial encoding—if we are correct in positing such a deficit—does
not constitute a problem with cross-situational learning. Instead, it put the children with DLD
at a disadvantage upon first receipt of cross-situational information, a gap they never over-
came. In fact, given no diagnostic group x cycle interaction, we have no evidence that chil-
dren with DLD found cross-situational learning problematic. Nevertheless, cross-situational
learning can be achieved by various strategies and the strategies used by the DLD and TD
groups appeared to differ. We turn there now.

4.2. Word learning strategies

The typical learners demonstrated a mixture of strategies—statistical aggregation from
cycle 1 to cycle 3 and propose-but-verify on cycles 4-6. The DLD group demonstrated a
pattern consistent with propose-but-verify on cycles 3, 5, and 6, but they never evinced a
statistical aggregation strategy. Note that these differences do not relate to the trajectory of
growth over cycles: Given no reliable interaction between group and cycle, trajectories did
not differ. Instead, the difference concerns the means by which the children managed to grow
over trials.

The absence of any apparent statistical accrual strategy suggests that children with DLD
have difficulties in computing co-occurrence frequencies during cross-situational word learn-
ing, as concluded by Ahufinger et al. (2021). This difference also accords with numerous
reports of weak statistical learning in the DLD population as measured by their ability to
segment speech (Evans et al., 2009; Haebig et al., 2017) and to learn grammatical construc-
tions (Hsu et al., 2014; Lum et al., 2014; Torkildsen et al., 2013; Grunow et al., 2006; Plante
et al., 2002), grammatical gender marking (Richardson et al., 2006), or stress assignment rules
(Plante et al., 2010). The children with DLD in the current study demonstrated some success
during cross-situational learning but appeared to do so via application of propositional logic
rather than statistical aggregation. We cannot rule out the latter completely, but we can con-
clude that their typical peers presented a reliable pattern of statistical aggregation in the early
cycles of learning that was not evident in the DLD group.

4.3. Word learning outcomes

Outcomes were measured in two recognition tasks administered 5 min after the final
cycle of learning. Averaged across the two recognition tasks, the performance of the DLD
group was reliably lower than that of the TD group, but by only a small amount, 13%, a
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performance gap similar to that reported by Ahufinger et al. (2021). Recall that the perfor-
mance gap at the end of cycle 6 was similar, 15%. Therefore, differences on the outcome
measures likely reflected differences in learning rather than retention across the 5-min inter-
val (see also McGregor, Arbisi-Kelm, et al., 2017; McGregor, Gordon, et al., 2017). Although
we conclude that retention was robust, it is worth noting that the only difference between
learning and outcome measures was a 2 versus 3 AFC array; thus, additional learning could
have taken place during the test.

The retention of links between the newly learned words and their referents is consistent
with Vlach and DeBrock (2019), who found that children of 50-70 months of age (but not
younger children) retained word-to-referent pairings trained in a cross-situational learning
paradigm over a 5-min interval. The participants in the current study were 72-98 months old.

Unlike Vlach and DeBrock (2019), we also examined the retention of word form infor-
mation. Although the novel word targets were designed to be readily distinguishable, the
retention test required precise knowledge of the word forms. For example, children whose
training set included zote had to decide whether their newly learned word was zote, zoke, or
zofe; those whose training set included fechik were tested on the array fesik, fepik, fechik.
The TD group performed above chance, which is not surprising given their age. Adults have
demonstrated the ability to represent the word forms learned in cross-situational paradigms
with fine-grained precision (Escudero et al., 2016a), although it is easier to do so in response
to ostensive naming paradigms (Mulak, Vlach, & Escudero, 2019). Infants, too, can learn
precise word forms from cross-situational opportunities, although not as robustly as adults
(Escudero et al., 2016b).

The DLD groups were not reliably above chance on form recognition; however, form recog-
nition was not disproportionately harder than link recognition for the children with DLD rela-
tive to their peers. The positive correlation between performance outcomes on the 3AFC link
and form tasks provides additional evidence that form learning was not highly divergent from
link learning: Better learners tended to perform well on both tasks and weaker learners tended
to perform worse on both tasks. Previous reports of exceptional difficulty with word form on
the part of learners with DLD involved ostensive naming paradigms, where the link between
the word and its referent is made explicit for the learner (Leonard et al., 2019; McGregor
et al., 2017). This extra support for link learning may have amplified the gap between link
and form recognition, an amplification that would not pertain here. A direct comparison of
word form learning under conditions that vary these supports is underway in our laboratory.

4.4. Cognitive mechanisms

DLD was a focus here because, as a group, children with DLD present with weaknesses
in sustained attention, phonological working memory, and extant vocabulary, the very mech-
anisms proposed to support cross-situational word learning. Indeed, in the current sample,
there were large between-group differences in vocabulary and phonological working memory
and a moderate difference in sustained attention, all favoring the TD group. As predicted,
sustained attention, phonological working memory, and extant vocabulary combined to
account for variance in learning outcomes: In the relative importance analysis, the combined
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scores accounted for 24% of the variance in cycle 6 link recognition, 30% of the variance in
form recognition retention, and 18% of the variance in link recognition retention.

Overall, the extant vocabulary score was the most important and, indeed, the only signifi-
cant predictor of these three learning outcomes. The current findings are consistent with those
of Smith and Yu (2013), Vlach and DeBrock (2017), and Scott and Fisher (2012) in that, in
each of those studies, extant vocabulary size correlated positively with cross-situational learn-
ing outcomes. The robustness of the vocabulary effect likely reflects the reciprocal nature of
the relationship. Children with larger vocabularies may have stronger phonotactic knowledge
and a more robust lexical network in which to encode new memories. On the other hand, if
children build a lexicon, in part, by learning words from information gathered across situa-
tions, then a significant relationship between the two is to be expected. Vocabulary knowledge
may support cross-situational word learning, and cross-situational learning, in turn, may be a
means of acquiring additional vocabulary knowledge.

That said, there were patterns in the data that suggest that cross-situational learning may
contribute less to building a lexicon among children with DLD than among children with
TD. First, according to the zero-order correlations, vocabulary and performance on all learn-
ing outcome measures were positively associated for the TD group but not the DLD group.
Second, according to the relative importance analysis, vocabulary accounted for less variance
among the DLD participants than the TD participants on all three outcome measures. For the
link retention outcome, this difference was significant. There, vocabulary scores accounted
for 21.5% of the TD group variance but less than 1% of the variance among the DLD group.
If cross-situational learning is a viable means of building a lexicon, one would expect a signif-
icant relationship between cross-situational learning outcomes and extant vocabulary. Given
the weak relationship in the DLD group, it appears that children with DLD may be more
reliant upon ostensive naming contexts for vocabulary learning, a hypothesis consistent with
theories that posit intact declarative mechanisms among learners with DLD (Hsu & Bishop,
2010; Ullman & Pierpont, 2005).

Endogenous, sustained attention was positively and significantly correlated with cycle 6
performance in the DLD group, and that group only, a medium effect size. In the rela-
tive importance analysis, attention alone was never a significant predictor of performance,
although it was the best predictor of variance in cycle 6 performance among DLD learners.
It may be that children with DLD who present with stronger attention skills compensate for
their weak word learning in a way unavailable to those who have weaker attention. Alterna-
tively, it may be that the reason children with DLD (especially those with weaker attention
skills) rely upon propose-but-verify strategies is because they miss valuable co-occurrence
information when their attention lapses.

Sustained attention captured little variance within the TD group, which may be surpris-
ing given previous work. Smith and Yu (2013) and Yu and Smith (2011) found a relation-
ship between cross-situational learning and endogenous attention measured during the cross-
situational task, not attention as measured on an independent task, and among babies, not
older children. Thus, the difference in outcome could have at least two roots. Perhaps, to be
a useful predictor, attention must be measured within or proximal to the task itself; ours was
a distal measure, the Track-it, which was independent of the cross-situational learning task.
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Also, because suppression-based mechanisms of attentional control emerge in infancy (Fisher
& Kloos, 2016), the ability to resist novelty so as to focus attention on relevant information
is likely more variable and fragile earlier than later in development. As a result, sustained
attention may not be as strong a predictor of word learning in older children who are devel-
oping typically, especially those like the first graders studied here, who have experienced the
attentional demands of formal instruction. First-graders with frank attention deficits could be
an illuminating comparison group.

Although phonological working memory alone was not a significant predictor of learning
outcomes among the participants as a whole, it was the best predictor of variance in link reten-
tion performance among children with DLD. Vlach and DeBrock (2017) found a significant
relationship between memory abilities and cross-situational word learning after controlling
for age, vocabulary, and attention. Not only were their participants younger than the current
participants, but also, they measured the participants’ memory in a paired-associate learning
paradigm rather than a nonword repetition task. Given that the task required during learn-
ing was to determine the link between a word and its referent, the paired-associate memory
is more directly applicable than phonological working memory. A visual working memory
capacity that permits the associative binding of phonological strings to objects in the visual
environment is likely to be particularly relevant for the cross-situational learning of words
that label objects, the focus of the current study (Bhat et al., 2021). Memory is a complex
construct that can be measured in multiple ways. Discovering the aspects of memory most
pertinent to cross-situational learning is an essential part of the research agenda.

5. Limitations and future opportunities

Given the scant literature on cross-situational learning among children with DLD, the
results reported here require both replication and extension. A longer training protocol may
reveal abilities on the part of learners with DLD that were masked by the limited cycles of
opportunity that characterized the current study. Protocols that remove opportunities to apply
the mutual exclusivity heuristic may reduce the tendency toward propose-but-verify strate-
gies and better isolate learning across trials from learning across cycles. Moreover, one might
better distinguish between statistical aggregation and propose-but-verify by aligning the foils
on the 3AFC link recognition measure according to their co-occurrence with the target during
learning. Patterns of errors in which foils that had been paired with the target are selected
more often than foils that had not been paired with the target would constitute evidence of
statistical aggregation even if the behavioral lens of referent selection is too coarse to identify
aggregation during learning.

The consideration of underlying mechanisms should also be extended. The relationship
between endogenous sustained attention and cross-situational learning in the DLD group (but
not the TD group) suggests the utility of other test cases, particularly those with ADHD
who do not have frank language deficits, in further refining our understanding of the role of
attention in cross-situational learning.

We should also consider other potential mechanisms. Given that sustained attention, phono-
logical working memory, and extant vocabulary together accounted for only 18% of the
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variance in outcomes as measured by link recognition and 30% as measured by form recog-
nition, there is a large amount of variance left unaccounted for. The relative success that the
participants with DLD demonstrated in the use of a propose-but-verify strategy motivates
examination of propositional logic and inference-making as mechanistic supports.

6. Conclusions

Typical first graders demonstrated a flexible mixture of strategies for learning words in an
ambiguous context. They relied upon mutual exclusivity in cycle 1 when statistical informa-
tion was not yet available. They demonstrated a statistical aggregation strategy over cycles
1-3 and then switched to rely upon propositional logic via a propose-but-verify strategy in
later cycles. Within the TD group, variation in cross-situational learning success was associ-
ated with variation in extant vocabulary. Better learners had larger receptive vocabularies.

First graders with DLD presented a different profile. They were less accurate in linking
words to their referents than their typical peers by the end of cycle 1, a problem we attribute
to weaknesses in initial encoding. They learned at a similar rate as their peers, but they never
evinced a statistical accrual strategy. The weighting of mechanisms supporting their learning
differed. Unlike their peers, their success during cross-situational learning varied with their
attention skills, and their learning outcomes and the size of their extant vocabularies were
unrelated.

Optimal language learning depends on multiple routes through the problem space that can
be taken flexibly in response to the information that contexts provide. Children with DLD
eventually manage this problem space, but without the flexibility or efficiency that character-
izes their typical peers. This conclusion is offered as motivation for theorists to capture all
learners, not just the most typical ones. The problem to be modeled is not only what informa-
tion is available to learners, but also what information is accessible to them.
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