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Abstract

Verbal working memory (VWM) deficits are common in individuals with developmental
language disorder (DLD) but are not well understood. This study evaluated how both mem-
ory and language production factors influence VWM performance in children and adults
with DLD, focusing on the influence of serial position, phonological activation (PA), and
lexical frequency. Participants were 30 children with DLD and 26 with typical language,
and 21 adults with DLD and 23 with typical language. The participants completed a listening
span task in which they were asked to recall the final words of sentences in sets of increasing
size. Responses (dependent variable) were coded as correct, incorrect, or no response. Final
words were coded for frequency, serial position within the set, and PA (number of occur-
rences of the initial phoneme, vowel, and whole word in the task). These variables, along with
age and language status, were entered as predictors in mixed-effects multinomial regression
models. Extreme serial position, greater PA, and higher frequency reduced incorrect and no
responses. These effects were attenuated for the DLD group, and the effect of greater PA
varied with set size. The findings suggest that for individuals with DLD, VWM performance
is affected by more limited effective language experience and by the dynamic task demands.
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Verbal working memory (VWM) difficulties are among the most consistent deficits
observed in developmental language disorder (DLD; Leonard et al, 2007;
Montgomery, 2003), and persist as children get older (Leonard, Ellis Weismer,
Weber-Fox, & Miller, 2014). However, the nature of the VWM deficits in DLD
is not fully understood. In this study, we investigated factors that contribute to both
correct and incorrect responses in a VWM task by children and adults with and
without DLD. The listening span task provides an intriguing point of contact
between theoretical accounts of DLD, influential constructs from psycholinguistic
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word production models, and classic constructs of memory theory such as primacy
and recency. We applied these combined perspectives to explore whether target
word frequency, primacy, and recency contribute to VWM performance for chil-
dren with DLD. In addition, we add to prior work by considering how these factors
affect VWM in adults with DLD and how phonological activation (PA) affects
VWM responses for both children and adults.

Approximately 7%-11% of kindergarteners present with a language impairment
in the absence of hearing impairment, intellectual disability, social-behavioral dis-
orders, or frank neurological impairment (Norbury et al, 2016; Tomblin et al.,
1997). This profile (with normal-range nonverbal IQ) has long been called specific
language impairment (Leonard, 2014). Recently, the term DLD has been proposed
(Bishop, Snowling, Thompson, Greenhalgh, & CATALISE Consortium, 2017). In
the present paper, we use DLD, emphasizing the presence of the disorder over
an extended developmental trajectory, and the possibility of co-occurring deficits,
for example, emotional disorders, problems with attention, speech, or reading
(Bishop et al., 2017).

Longitudinal data suggest that the majority of children with DLD continue to
have language difficulties beyond childhood (e.g., Clegg, Hollis, Mawhood, &
Rutter, 2005; Johnson et al., 1999; Lee & Tomblin, 2015). Therefore, it is important
to describe and explain the trajectory of language impairment through adulthood.
By understanding both change and consistency as children with DLD grow up, we
will not only be able to provide better diagnosis and treatment but also gain a better
understanding of the underlying mechanisms and developmental processes
involved in language impairment. The present study focused on how accounts of
DLD intersect with speech production and memory mechanisms in VWM tasks.

Theoretical Accounts of DLD, Language, and Working Memory

Theoretical approaches to DLD offer varied accounts of VWM limitations. Domain-
general approaches propose that deficits in cognitive abilities such as working mem-
ory (WM), processing speed, or inhibition control cause, at least in part, the lan-
guage deficits observed in DLD (e.g., Leonard et al., 2007; Marton, Kelmenson,
& Pinkhasova, 2007). By some accounts, limited VWM contributes to the language
processing difficulties of children with DLD (e.g., Baddeley, 2003; Montgomery,
2003; Montgomery, Evans, Fargo, Schwartz, & Gillam, 2018). Domain-specific
accounts of DLD, in contrast, posit that language deficits are specific to the language
system (e.g., Rice & Wexler, 1996; van der Lely, Rosen, & Adlard, 2004). In domain-
specific accounts, VWM and language are separable. There are also many domain-
general accounts which, despite according a central role to WM deficits in DLD,
view WM as distinct from language (e.g., Archibald, 2017; Montgomery, 2003).
Some findings from children with DLD, however, suggest that VWM performance
is driven by language knowledge (Mainela-Arnold & Evans, 2005; Mainela-Arnold,
Evans, & Coady, 2010).

An emergentist account of DLD suggests that language deficits are the conse-
quence of interactions between affected children’s processing limitations and the
statistical properties of the language (Evans, 2001). This view focuses on the
dynamic nature of children’s language abilities. For example, language errors
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are more prevalent in demanding contexts and less likely in stable, less demanding
contexts. Compared to typical peers, children with DLD require more language
exposure to learn statistical information critical to language learning, such as the
location of word boundaries (Evans, Saffran, & Robe-Torres, 2009). As a result,
individuals with DLD gain less from similar experience with language, or, put
another way, individuals with DLD may have less effective language experience
as compared to peers with typical language. Thus, influences on speech production
derived from language experience (e.g., word frequency) may affect the VWM
performance of each group differently.

Both multicomponent and emergent models of VWM have been proposed
(Schwering & MacDonald, 2020). Models from both perspectives include mecha-
nisms by which VWM interacts with knowledge of language in long-term memory.
Multicomponent models posit that long-term memory is separable from WM and
that processing of information is distinct from passive storage (e.g., Baddeley, 2003;
Barrouillet, Gavens, Vergauwe, Gaillard, & Camos, 2009; Case, Kurland, &
Goldberg, 1982; Gathercole & Baddeley, 1993). Mechanisms by which language
knowledge affects VWM include encoding and redintegration (Hulme et al,
1997; Martin, Lesch, & Barta, 1999; Schweikert, 1993). Encoding, an early stage pro-
cess where a to-be-remembered word creates a short-term memory trace, is aided by
stronger long-term representation of that word (Martin et al., 1999). VWM models
where the short-term storage is an activated part of long-term memory make a sim-
ilar claim for the influence of long-term memory (Cowan, 1988, 1995).
Redintegration is a later-stage process whereby a partially degraded memory trace
may be reconstructed by accessing the long-term representations of the word
(Hulme et al., 1997; Schweickert, 1993).

Emergent models of VWM posit that processing and storage are not different
mechanisms and that long-term and short-term memory are not distinct (e.g.,
Cowan, Li, Glass, & Saults, 2018; Kowialiewski & Majerus, 2018). MacDonald
and colleagues (Acheson & MacDonald, 2009; MacDonald & Christiansen, 2002;
Schwering & MacDonald, 2020) have argued for a strongly emergent conceptuali-
zation where VWM is not a separate system from language. Acheson and
MacDonald (2009) suggested that serial position effects, word frequency effects,
and the influence of phonological similarity on recall are found in both language
production and VWM tasks, and result (emerge) from the same mechanisms.

Encoding, redintegration, and emergent accounts suggest that VWM limitations
may involve both memory and language production factors. The influence of language
production factors on VWM has been extensively studied in the aphasia literature (e.g.,
Foygel & Dell, 2000; Martin & Saffran, 1997; Martin et al., 1999), and in typical adults
(Hulme, Roodenrys, Brown, & Mercer, 1995; Hulme et al., 1997; Roodenrys, Hulme,
Lethbridge, Hinton, & Nimmo, 2002). Similarly, data bearing on the relations between
language knowledge, VWM, and the dynamics of task demands in individuals with
DLD may help to guide theory development for this population.

Listening span
In order to evaluate WM, researchers often use complex span tasks in which the
participant must remember stimuli while also performing a processing task
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(Jarrold, 2017; Marton, Eichorn, Campanelli, & Zakarias, 2016). One type of com-
plex span is a listening span task (an auditory version of the reading span task, e.g.,
Just & Carpenter, 1992). The participant hears a sentence and judges whether it is
true (Gaulin & Campbell, 1994). After a set of sentences, the participant is asked to
recall the final word of each sentence (or the target words). The number of sentences
in a recall set increases as the task progresses.

Listening span tasks engage the speech and language processing system (Allen &
Hulme, 2006). Other complex span tasks use closed sets (digits and letters); therefore,
the possibilities for recalling incorrect items are limited. In contrast, listening span
requires the storage and recall of words, creating an opportunity for recall of incorrect
words that may share properties with target words. Listening span has been used to
investigate VWM in children with DLD (Ellis Weismer, Evans, & Hesketh, 1999;
Mainela-Arnold & Evans, 2005; Mainela-Arnold et al., 2010; Marton & Eichorn,
2014; Marton et al., 2007; Montgomery & Evans, 2009). Children with DLD consis-
tently recall fewer words despite demonstrating comprehension of the distractor sen-
tences that is comparable to peers with typical language (TL). Some of these studies
(Ellis Weismer et al., 1999; Marton & Eichorn, 2014; Marton et al., 2007) have
included error analyses, comparing group means of different types of errors.
Mainela-Arnold and Evans (2005) followed the emergent account of VWM
(MacDonald & Christiansen, 2002) to investigate effects of word frequency and serial
position on word recall in children with DLD. In the present study, we built on this
body of previous work by considering additional predictor variables, predicting dif-
ferent types of responses, applying different statistical models, and including adults
with DLD. Our aims are to better specify how VWM memory limitations may result
from differences in how individuals with DLD respond to lexical and memory factors,
and how those response profiles change with development.

Influences on verbal WM performance
Serial position effects

A word’s position in a list affects how likely it is to be recalled (e.g., Glenberg et al.,
1980; Greene, 1986; Page & Norris, 1998; Sheng, Byrd, McGregor, Zimmerman, &
Bludau, 2015; Tan & Ward, 2000). Words presented early or late in the list are
recalled more accurately than those in the middle. These effects are called primacy
and recency, respectively. In a listening span task, the lists of words to be recalled are
interspersed with distractor sentences; however, serial position effects are found in
tasks that include distractors (e.g., Glenberg et al., 1980).

Individuals with DLD may not differ qualitatively from TL peers in serial posi-
tion effects. Both young adults (Sheng et al., 2015) and children (Majerus et al.,
2009) with DLD showed similar primacy and recency effects to TL peers when
recalling lists. Mainela-Arnold and Evans (2005) found recency but not primacy
effects in children with and without DLD; however, they stated that the recency
effect seemed “somewhat heightened” in the DLD group. Gillam, Cowan, and
Marler (1998), however, found that children with DLD benefited less from recency
than a control group. Several accounts of serial position effects have been proposed.
Acheson and MacDonald (2009) suggested that an account invoking the temporal
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distinctiveness of words at the beginning and ending of a list is most compatible
with integration of language production with WM. Others have proposed that serial
order of memoranda provides context cues, which make early and late items in a list
more distinct and more likely to be selected from competing candidates for recall
(Burgess & Hitch, 2006; Oberauer, Farrell, Jarrold, & Lewandowsky, 2016). Gillam
and colleagues (1998) suggested that children with DLD may less effectively encode
incoming phonological information into short-term memory, attenuating their abil-
ity to benefit from recency. Regardless of the precise mechanism, if serial position
increases activation of a word, it could affect recall responses in a VWM task.

Phonological activation

Here, we follow the broad outlines of Levelt’s speech production model (Levelt,
Roelofs, & Meyer, 1999) involving semantic, lexical, and phonological levels of
representation, but assume that activation can feed back from the phonological level
“up” to the lexical level, as suggested by Foygel and Dell (2000). In this type of word
production model, a meaning is intended. A lexical item is selected to express that
meaning, and then a phonological form is retrieved to instantiate the lexical item.
Speech production models identify factors influencing whether speakers produce
intended and unintended words; these same factors are likely to bear on production
of correct and incorrect responses in VWM tasks.

Foygel and Dell (2000) described how word production errors can arise as a
result of spreading activation, which occurs within and between levels of their
speech production models (from the lexical level to the phonological level, and back
“up” to the lexical level). Within the phonological level, the models distinguish
between word onsets, vowels, and codas, a distinction that we follow in our analyses.
Multiple words and sounds may be activated during the process of production, cre-
ating an opportunity for errors if a word other than the target is more highly
activated.

Phonological activation may also facilitate word recall due to compressibility.
Studies of nonverbal WM (Chekaf, Gauvrit, Guida, & Mathy, 2018; Mathy,
Chekaf, & Cowan, 2018) show that longer sequences of items can be recalled if their
complexity can be simplified by identifying features shared among the items. In a
verbal complex span task, phonological activation may enhance encoding and thus
the ability to recognize phonological patterns within and among target words, aiding
compressibility. Recognizing such phonological patterns in complex span tasks may
require the ability to effectively switch attention between the processing task and com-
pression (to aid storage). Studies of typical adults have found that compression pro-
cesses may be fairly automatic (Mathy et al., 2018) whereas they may be more
demanding of attentional resources for children with DLD (Montgomery et al., 2018).

Evidence regarding the structure of the word production system in individuals
with DLD is limited. Several studies indicate that the underlying architecture is sim-
ilar for children with and without DLD, although systems of children with DLD may
not operate as efficiently (e.g., Brooks, Seiger-Gardner, Obeid, & MacWhinney,
2015; Mainela-Arnold, Evans, & Coady, 2008, 2010; Seiger-Gardner & Brooks,
2008; Seiger-Gardner & Schwartz, 2008). Brooks et al. (2015) found that children
with DLD were more time limited in their ability to use phonological priming to
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support word production compared to typical peers. Mainela-Arnold et al. (2008)
found that lexical access in children with DLD was more vulnerable to competition
from other words.

Frequency effects

Word frequency is influential in many tasks requiring the processing and produc-
tion of words (e.g., Gagnon, Schwartz, Martin, Dell, & Saffran, 1997; Leonard,
Nippold, Kail, & Hale, 1983). Higher frequency of a word in a given language tends
to facilitate its production (Jescheniak & Levelt, 1994). Higher frequency words are
more likely to be recalled by both children with DLD and children with TL (Leonard
et al., 1983; Mainela-Arnold & Evans, 2005; Mainela-Arnold et al., 2010). For typical
young adults, Hulme et al. (1997) found that word spans are greater for high-
frequency words, and Allen and Hulme (2006) found that higher frequency words
are more likely to be recalled from a list. Furthermore, among responses that were
not correct, there were fewer omission errors and more phonological approximation
errors for high-frequency words. The effect of word frequency on recall has been
attributed to redintegration. High-frequency words are thought to be more easily
retrieved to support restoration of degraded memory traces (Hulme et al., 1997;
Schweickert, 1993). Given its role in speech production and memory, word fre-
quency must be considered as a predictor of listening span performance.

Integrated effects of factors: An example

To make the contributions of these influences on VWM performance more con-
crete, consider the word fly. In our data, it was one of the words children were most
likely to produce in error. In the Competing Language Processing Test (CLPT;
Gaulin & Campbell, 1994), used in the present study, fly first occurs in the second
set as a target word in Trains can fly. It occurs again in the seventh set in Birds can
fly, and in the eleventh set in Airplanes can fly. Thus, fly is activated as a target word
multiple times during the task. In addition, a word beginning with /f/ occurs as the
first word in a distractor sentence four times during the task. Thus, feedback from
the phonological level to the lexical level of the Foygel and Dell (2000) models would
tend to increase the activation of fly. Although it does not have a consistently early
or late serial position within sets, the repeated occurrence of fly, its phonological
similarity to other words, and its relatively high frequency among the top one-third
most frequent words in the task may conspire to keep fly activated enough to be
produced in place of other target words, yielding an intrusion error.

No response and uncertainty

The largest category of errors across all age and clinical groups is failure to produce a
word at all, or “no response” (Marton et al., 2007). In the context of mechanisms of
activation and competition, presumably no response occurs when none of the can-
didate words has reached a threshold of activation necessary for production. When
the activation of one or more words hovers around threshold levels, the speaker
faces uncertainty and must choose whether to respond, possibly in error, or to
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withhold response. Uncertainty engages metacognitive monitoring and is demand-
ing of WM resources (Coutinho et al., 2015). When the size of a listening span set is
within the VWM capacity of an individual, there is little or no uncertainty and most
responses are correct. As the task continues, uncertainty grows, because the number
of memoranda increases, taxing VWM capacity, and more and more words are acti-
vated, increasing the number of competitors. At this point, incorrect responses have
the most opportunities to “win” the competition. As set size increases further and
VWM capacity is exceeded, again there is little or no uncertainty but now the indi-
vidual is certain that they do not remember the target word; therefore, no response
becomes more prevalent.

A way to better understand how the limitations of individuals with DLD affect
VWM task performance is to evaluate factors influencing the kinds of response,
both incorrect words and no responses. We sought to understand whether speech
production factors affected both children and adults, and whether the influence of
these factors differed for individuals with and without DLD.

Questions and Predictions

1. Do children and adults with DLD differ in the probability of correct recall
versus no responses and incorrect responses on a listening span verbal
WM task compared to their same-age TL peers? In line with previous find-
ings, we predict that children with DLD will perform more poorly than their
TL peers; however, less is known about the VWM performance of adults with
DLD. The persistence of DLD into adulthood suggests that adults with DLD
will also perform more poorly than their TL peers.

For the following questions we assume that language representation in long-term
memory affects VWM performance (Acheson & McDonald, 2009; Mainela-
Arnold & Evans, 2005; Martin & Saffran, 1997; Roodenrys et al., 2002).
Therefore, we expect serial order and PA effects to be weaker in children than
in adults, and in DLD groups compared to TL groups, on the assumption that
children and individuals with DLD have less effective language experience, and
therefore weaker language representations. However, there is some evidence to
predict that weaker representations may exaggerate the effect of high-frequency
words (e.g., Mainela-Arnold & Evans, 2005). We expect that serial order, PA, and
frequency effects may not be uniform across correct responses, no responses, and
incorrect responses.

2. Does serial order of memoranda predict the probability of correct recall, no
responses, and incorrect responses, and does it interact with age and clinical
status? We expect serial order effects to be present for adults and children with
and without DLD (Majerus et al., 2009; Sheng et al., 2015), but to be weaker
for children and for individuals with DLD (Gillam et al., 1998).

3. Does PA predict the probability of correct recall, no responses, and incorrect
responses for children and adults at different set sizes, and does it interact with
clinical status? Correct recall should be more likely for target words with
greater PA. PA may interact with group. If individuals with DLD have more
limited inhibition control and more difficulty resolving competition, they will
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be more likely to produce words that are more phonologically activated, either
correct target items or incorrect intrusion errors (Marton et al., 2007). PA may
also interact with age. The models of word production that we based our anal-
yses on were generated to account for adult behavior; it remains to be seen if
the phonological properties we coded influence children similarly. Finally, the
effects of PA may vary by set size. If PA is influential as the participant
approaches their capacity limit, it is likely to be less influential as their capacity
is exceeded, when they become certain that they do not recall many of the
target words.

4. Does word frequency predict the probability of correct recall, no responses,
and incorrect responses, and does it interact with age and clinical status?
While frequency effects are expected for typical adults (Hulme et al., 1997;
Roodenrys et al., 2002), there have been mixed results on whether frequency
effects are similar for individuals with DLD and their TL peers (Leonard et al.,
1983; Mainela-Arnold & Evans, 2005; Mainela- Arnold et al., 2010). Frequency
effects may differ for children compared to adults, as children have had less
exposure to words overall than adults, and individuals with DLD may be
affected differently due to less effective language experience.

Method
Participants

The study included 56 children (mean age 10 years) and 44 adults (mean age 22
years) with DLD or TL and whose first language was English. Participants with
a history of autism, intellectual disability, hearing loss, significant neurological
injury, or cerebral palsy were excluded. All participants passed a hearing screening
at 25 dB HL at the speech frequencies. Data from the children with DLD were pre-
viously reported in Miller and Wagstaff (2011). The children with TL were drawn
from a participant pool that has been reported in Mainela-Arnold, Misra, Miller,
Poll, and Park (2012) and Poll et al. (2013). Data from the adults with DLD and
TL have been reported in Poll, Miller, and van Hell (2015, 2016), and Poll,
Watkins, and Miller (2014).

Child sample

The child sample is summarized in Table 1. Thirty clinically referred children were
classified as having DLD by five language measures. Receptive vocabulary was
assessed with the Peabody Picture Vocabulary Test (Dunn & Dunn, 1997), and
expressive vocabulary was assessed with either the Expressive Vocabulary Test
(Williams, 1997) or the picture vocabulary subtest of the Woodcock-Johnson
Tests of Achievement (3rd ed.; Woodcock, McGrew, & Mather, 2001). Each vocab-
ulary measure yielded a standard score (M = 100, SD = 15). Receptive and expres-
sive syntax were assessed using the Concepts and Following Directions and
Formulating Sentences subtests, respectively, of the Clinical Evaluation of
Language Fundamentals (CELF-4; Semel, Wiig, & Secord, 2003). The subtests
yielded scaled scores (M = 10, SD = 3). The fifth language measure was the nonword
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Table 1. Means (standard deviations) for child sample

Group

Measure DLD TL

N 30 26
Age (years) 10.3 (1.2) 10.5 (1.7)
PIQ (standard score) 92.4 (12.1) 108.2 (13.6)
CELF-4 C & FD (scaled score) 5.5 (2.7) 10.9 (1.6)
CELF-4 FS (scaled score) 8.1 (2.8) 12.3 (2.3)
Expressive vocabulary (standard score) 84.9 (9.1) -
Receptive vocabulary (standard score) 92.2 (11.5) -
Nonword Rep (proportion correct) 0.72 (0.08) =
CLPT recall (proportion correct) 0.55 (0.11) 0.66 (0.15)

Note: DLD, developmental language disorder. CELF-4, Clinical Evaluation of Language Fundamentals (4th ed.). C & FD,
Concepts and Following Directions. FS, Formulated Sentences. CLPT, Competing Language Processing Test.

repetition test (NRT; Dollaghan and Campbell, 1998). Norms are not available for the
NRT, but based on previous research (Dollaghan & Campbell, 1998; Ellis Weismer
et al., 2000) a cutoff was set at 75% phonemes correct. Children were classified as having
DLD if they scored 1 SD below the mean (or below the NRT cutoff) on at least two of
the five measures, or if they scored 2 SD below the mean on at least one measure other
than the NRT. Two children met criteria on all five measures, 5 children met criteria on
four measures, 6 children met criteria on three measures, and 14 children met criteria
on two measures. Three children qualified on the basis of one measure; these 3 children
received a scaled score of 3 or less on Concepts and Following Directions subtest. Low
scores were observed on all tests. There were 25 scores below cutoff on Concepts and
Following Directions, 13 below cutoff on Formulating Sentences, 15 below cutoff on
expressive vocabulary, eight below cutoff on receptive vocabulary, and 18 below cutoff
on NRT. Performance IQ (PIQ) was measured using the Abbreviated Battery of the
UNIT (Bracken & McCallum, 1998). All participants in the DLD group had a
PIQ > 72 (25 out of 30 had a PIQ > 85).

Children in the TL comparison group were recruited from the community. The
26 children were selected from a larger pool to form a sample similar in age to the
group with DLD. They completed the Concepts and Following Directions and
Formulating Sentences subtests of the CELF-4, receiving scaled scores of 7 or higher
(within 1 SD of the mean or higher). PIQ was measured using the Wechsler
Abbreviated Scale of Intelligence (Wechsler, 1999). All participants in the group
with TL had a PIQ > 77 (25 out of 26 had PIQ > 89). The two groups differed sig-
nificantly on PIQ, t (50) = 4.6, p < .001, although the comparison is questionable, as
different tests were used for the groups.

Adult sample
Adults were recruited at postsecondary schools and from a database of participants
who had been recruited for studies of DLD in Iowa. All participants had PIQs of 75

https://doi.org/10.1017/S0142716421000011 Published online by Cambridge University Press


https://doi.org/10.1017/S0142716421000011

682 Gerard H. Poll and Carol A. Miller

Table 2. Means (standard deviations) for adult sample

Group

Measure DLD TL

N 21 23
Age (years) 22.4 (2.0) 21.5 (1.8)
PIQ (standard score) 97.5 (7.9) 113.7 (10.0)
CELF WD (raw score) 23.0 (7.7) 37.4 (4.8)
CLPT recall (proportion correct) 0.71 (0.11) 0.88 (0.09)
Running span (maximum list recall) 3.19 (0.62) 4.19 (0.73)

Note: DLD, developmental language disorder. PIQ, performance 1Q. CELF-4, Clinical Evaluation of Language
Fundamentals. WD, word definitions. CLPT, Competing Language Processing Test.

or above as measured by the Wechsler Adult Intelligence Scale (Wechsler, 1997).
Characteristics of the adult groups are summarized in Table 2. The mean PIQ dif-
fered between groups, t (42) =5.92, p < .001.

Participants meeting screening criteria were classified as having DLD or TL by
history and by testing. Those with a positive history of language difficulties (diag-
nosis of DLD, spoken grammar difficulties, or reading comprehension difficulties)
were eligible for the group with DLD; those with a negative history were eligible for
the group with TL. Testing combined the Modified Token Test (Morice & McNicol,
1985), a 15-word spelling task, and word definitions from the CELF-4 (standard
scores; Semel et al., 2003) as outlined in Fidler, Plante and Vance (2011). Their pro-
cess had a sensitivity (78%) and specificity (83%), the best accuracy of then known
approaches for identifying adults with DLD. Scores were entered into a discriminant
function. Those with results in the positive range who also had a positive history
were classified as DLD; those with results in the negative range with a negative his-
tory were classified as having TL.

In both adults and children, the mean PIQ score was significantly lower in the
DLD groups. Such differences are frequently found between samples of individuals
with DLD and TL (Fidler, Plante, & Vance, 2011; Gallinat & Spaulding, 2014).
When PIQ is an inherent characteristic of a disorder, statistically controlling it com-
plicates rather than clarifies explanation, as discussed by Dennis et al. (2009). In the
present study, we restrict generalizations to a phenotype similar to that of our
sample.

Measures and procedures

Verbal Working Memory Task

The CLPT (Gaulin & Campbell, 1994) was used to assess VWM. The CLPT is a
listening span test that requires the participant to listen to sets of simple sentences
(e.g., Sugar is sweet; Apples are square) and judge the truth of each sentence by
responding “yes” or “no.” The participant is then asked to recall the last word of
each sentence in the set (referred to as target words). Set size increases from one
to six sentences. Practice items were included in determining the PA of target words
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because all items affected the level of PA for target words later in the task. Thirty-
three percent of target words were verbs (all uninflected), 24% were adjectives, and
43% were nouns, and of the nouns, 75% were regular plurals, 5% were irregular
plurals, and 20% were mass nouns. The stimuli were recorded by a female speaker
on a Marantz PMD650 minidisc recorder using a head-mounted microphone.

The CLPT was presented at a comfortable loudness from a digitized file under
headphones for adults, and using the device’s speakers for children. Although the
CLPT was designed for use with children, in this study variability in recall perfor-
mance among the adults was adequate for analyses to be conducted. The truth judg-
ment portion of the task is intended to be easy for all participants; both adults and
children averaged 96%-99% correct.

Participant responses to the CLPT were recorded during the task. An audio
recording of the task was used for ensuring the accuracy of the response record.
Minor morphological variations of target words were accepted as correct, for exam-
ple “wheel” for “wheels.” In recording incorrect word productions, we classified
those that were semantic in origin versus phonological. Finding a very small pro-
portion that were semantic errors (6%), we focused on phonological factors in
response errors.

Serial position

Target words occurred in sets requiring from one to six target word recall responses.
We represented primacy and recency of target words by coding first words as “1,”
second words as “2” and more interior words as “3.” Final words in sets were coded
as “5” and penultimate words as “4.” Sets with three items were coded “I, 3, 5” and
sets with four items were coded “1, 2, 4, 5.” To understand serial position effects, we
contrast coded two variables to evaluate effects of serial position. The first con-
trasted extreme position (1, 2 or 4, 5) to interior positions (3); the other contrasted
recency (4, 5) to primacy (1, 2). Where participant responses did not clearly align
with target words, we eliminated the data from analyses of serial position.

Phonological activation

To represent the level of phonological activation for each target word, we summed
the number of times that the word’s phonological elements had been encountered
prior to the point in the CLPT where the participant was to recall that target. In
models of speech production (Foygel & Dell, 2000), activation is a function of
the excitation of the word’s phonological form or excitation of the critical segments
of the word. For each point where a participant was to produce a target word, we
counted the number of times that the participant heard the entire target word, its
initial phoneme, or stressed vowel previously in the task. We added instances when
the participant uttered the word; these values could vary across individuals. For
example, when “feet” is a target word to be recalled in a set, there was 1 prior
instance of hearing the entire word, 7 prior instances of hearing the initial “f” pho-
neme, 11 instances of hearing the /i/ vowel, and no instances when the participant
had uttered “feet” previously. We therefore entered a phonological activation level
of 19 for that target word. To support computerized counting of phonemes, we
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recoded the CLPT words into the CMU Phonetic Dictionary form (see http://www.
speech.cs.cmu.edu/cgi-bin/cmudict). Both authors independently calculated phono-
logical activation levels; discrepancies were resolved by consensus.

Frequency

To represent the frequency of each target word in the CLPT, we entered the Log of
the SUBTLex corpus frequency from the English Lexicon Project (Balota et al.,
2007). This is a measure of the frequency of occurrence based on the subtitles
for movies. Frequencies were obtained for lexemes, and were not constrained by
syntactic category.

Analysis approach

Item-level analyses

Our research questions address how characteristics of target words affect item-level
response types. As participants provided responses for sets of target words, we made
adjustments to account for any ambiguity in the alignment of response types to tar-
get words. In cases where participants made correct responses, those were aligned to
the matching target word. If a set contained only no-response errors or one error,
then the error responses were aligned to the target words, for which there was no
correct response. For sets with multiple incorrect word responses, or a mix of incor-
rect word and no response errors, then the measures of target word characteristics
for those responses were recoded to the mean of the target word measures for the
incorrect responses in the set. For 94% of all items, the alignment of the response
was clearly aligned to a target word. The same process was used for PA and
frequency.

Bayesian mixed-effects modeling

We conducted item-level analyses of the dependent variable, response type, coded as
correct, incorrect word, or no response. Predictors were the target word serial posi-
tion, PA, and frequency and participant language ability group (DLD or TL) and age
group (adult or child). To account for repeated responses by participant and by
item, we used mixed-effects regression models including random effects for partic-
ipants and items.

We used Bayesian regression models to complete the analyses. Bayesian models
are recommended for obtaining unbiased parameter estimates for categorical, non-
normal, dependent variables, particularly when the data are unbalanced (more no
responses than incorrect word responses; von der Malsberg, 2016; Zhao,
Staudenmayer, Coull, & Wand, 2006). Bayesian analysis involves selecting the prob-
ability model, computing the posterior distribution, and determining the fit and
convergence of the models (Nalborcyzyk, Batailler, Loevenbruck, Vilain, &
Burkner, 2019). The probability model was a multinomial logit-link function, simi-
lar to logistic regression, available in the MCMCglmm package (Hadfield, 2010) for
R (R Core Team, 2018). The models linked predictors to the likelihood of no
response or incorrect word responses as compared to correct responses. Bayesian
models use data to update the prior information known about parameters to the
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posterior distribution, the parameters given the data. As we did not have previous
data on which to base a prior, we used proper, minimally informative priors for
random effects and residuals as recommended for multinomial (or “categorical”)
models by Hadfield (2010). The prior distribution for fixed effects had a mean
of zero and a large variance (10®) in order to minimally constrain the model
estimations.

Monte Carlo Markov chain (MCMC) simulations involve generating large num-
bers of samples of the distribution of the parameters of interest. The number of
samples varied depending on the iterations required for the model to converge.
The mean and the 2.5 and 97.5 percentile range indicate the highest posterior den-
sity interval (HPDI) for each parameter, similar to 95% confidence intervals for con-
ventional statistical models. The simulations also generate the pMCMC, the
probability that the parameter estimate includes zero, or no effect.

Model diagnostics for MCMC simulations focus on whether the model converges
on a stable set of estimates (Hadfield, 2010). We assessed convergence by assess-
ing graphs of the parameter estimates as they vary with iterations of the model
runs: no clear trends indicate convergence. We also assessed convergence using
Gelman-Rubin diagnostics (Brooks & Gelman, 1998), which produce a potential
scale reduction factor (PSRF) from running two simulations of the same model.
The PSRF indicates how closely the two simulations arrive at the same parameter
estimates. If a PSRF was less than 1.1, the model was deemed to have converged
(von der Malsberg, 2016). Model parsimony was evaluated with deviance infor-
mation criteria (DIC; Hadfield, 2010). Smaller DICs are preferred and indicate
whether the complexity of adding predictors is offset by improving the fit of the
model to the data.

As recommended by Hadfield (2010), the intercept was suppressed in models in
order to evaluate the effect of the predictor of interest on the likelihood of an incor-
rect or no response compared to a correct response. We produced separate models
for serial position, PA, and word frequency to ease model convergence and to
improve the interpretability of models. Before presenting these separate models,
we evaluated whether each of these factors systematically varied with the others.
The analysis approach for our first question, whether groups differed in correct
recall, differed from these models of item-level effects. As it involved participant
means without repeated measures, we conducted a between-groups analysis of
variance.

Results

Our first question was whether participants with DLD would recall smaller propor-
tions of target words than their TL peers. The correct recall means (SD) for partic-
ipants with DLD were 0.55 (0.11) (children) and 0.72 (0.11) (adults), as compared to
0.66 (0.15) and 0.88 (0.09) for children and adults with TL. Recall data were ana-
lyzed in a 2 (age) x 2 (language ability) analysis of variance. Adults recalled more
target words than children, F (1, 96) = 62.3, p < .001, partial n?=.393. Participants
with TL recalled more words than those with DLD, F (1, 96) = 30.5, p < .001, partial
n* = .241. Age did not interact with language ability, F (1, 96) = 0.84, p = .36, partial
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n? = .009. The absence of a significant interaction indicates both adults and children
with DLD recalled fewer target words than peers with TL.

Our other research questions concerned how speech production factors affected
response types. For children and adults the percentages of response types by set size
and language ability group are in Appendix A. For combined language groups, the
percentage of incorrect word responses peaked at set size 3 for children, and set size
5 for adults. The percentage of no response increased from set size 1 to 6 for both age
groups.

Multifactor models

Before considering models focused separately on serial position, PA, and frequency,
we evaluated whether these factors varied systematically with each other. We found
little evidence that either PA or target word frequency varied systematically with
extreme serial position. Multifactor models indicated that effects of individual fac-
tors were not likely to be artifacts of the relation of the factors to one another. Details
of the analyses are in Appendix B.

Serial position

Our second question was whether target word serial position affected response type.
As there were interior serial positions from set sizes 3 to 6, we modeled responses
from these set sizes. The first model included the extreme versus interior position
contrast, the interactions of extreme position with age (coded 0 for child, 1 for adult)
and language group (coded 0 for TL, 1 for DLD), set size (as a control variable), and
random effects by participant and by item. More extreme serial position decreased
the likelihood of no response (posterior mean; M, =-1.08, HPDI [-2.08, -0.07],
pPMCMC=.04) and of incorrect word responses (M,=-3.93, HPDI [-5.08,
-2.85], pMCMC < .001). Extreme position and group did not interact for no
response (M, =-0.57, HPDI [-1.30, 0.16], pMCMC = .13) but did for incorrect
word responses. For the group with DLD, the effect of extreme serial position
was attenuated (M, = 3.18, HPDI [1.92, 4.30], pMCMC < .001). For no response
extreme serial position did not interact with age (M,=-0.48, HPDI [-1.33,
0.46], pMCMC = .29) nor was there a three-way interaction of extreme position,
age, and group (M, = 1.11, HPDI [-0.04, 2.28], pMCMC = .06). For incorrect word
responses, extreme position interacted with age (M, =3.18, HPDI [1.92, 4.30],
PMCMC < .001) and there was a three-way interaction of extreme position, group,
and age (M,=-2.54, HDPI [-4.49, -0.66], pMCMC = .005). Target words in
extreme list positions were less likely to have incorrect word or no response errors,
and for incorrect responses that effect was attenuated for participants with DLD.
The three-way interaction suggests that children with DLD differed in their
response to extreme position as compared to other groups.

We next evaluated the same model but with the contrast of recency to primacy.
Recency reduced the likelihood of both error responses as compared to primacy (no
response, M,=-1.17, HPDI [-2.19, -0.14], pMCMC=.02; incorrect word
responses, M, = —4.05, HPDI [-5.38, -2.74], pMCMC < .001). Recency interacted
with group, with a modestly heightened effect for no response (M, =-0.79, HPDI
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Figure 1. Incorrect word responses as a percentage of total responses by target word serial position by
participant group. TD, typical development. DLD, developmental language disorder.

[-1.57,-0.03], pMCMC = .05) but an attenuated effect for incorrect word responses
(M, = 2.06, HPDI [0.74, 3.34], pMCMC = .002). The three-way interaction of recency,
age, and group was not significant for no response (M,=-0.06, [-1.36, 1.11],
pMCMC = 92) but was for incorrect words (M,=-4.72, HPDI [-6.90, -2.55],
pMCMC < .001). This interaction suggests that adults (coded 1) with DLD (coded 1)
benefited more from recency than other groups. Figure 1 suggests that both groups with
DLD benefited from primacy less than groups with TL, and that adults with DLD
benefited more from penultimate position than did other groups.

Phonological activation

Our next question was whether PA affected response type, and if the effect differed
by age and language ability. Because PA varied systematically with set size, we mod-
eled by set size from set size 3, where children’s proportion of incorrect word
responses peaked, to set size 6 where the proportion of no response was the largest
for both groups. Models included PA, the PA x Group interaction and random
effects for participants and items.

Results for children are in Table 3. At set size 3, the negative coefficients for PA
indicate that higher target word PA decreased the likelihood of no response and
incorrect word responses. PA interacted with group for incorrect word responses
at set sizes 3 and 4. The positive coefficients indicate that the benefit of higher
PA was attenuated for children with DLD. At set sizes 4 and 5, higher PA reduced
the likelihood of incorrect word responses. PA had no significant effect at set size 6.

Results for adults are in Table 4. Across all set sizes, higher target word PA
reduced the likelihood of incorrect word responses. For all but set size 6, higher
PA also reduced the likelihood of no response. For incorrect word responses, the
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Table 3. Models evaluating the effect of phonological activation on response type for children

Factor Response type Posterior mean HPD interval pMCMC

Children, Set size 3

PA No response -0.46 [-0.68, -0.24] <.001
PA Incorrect word -0.60 [-0.85, -0.36] <.001
PA x Group No response 0.17 [-0.20, 0.54] .34
PA x Group Incorrect word 0.47 [0.05, 0.88] .02

Children, Set size 4

PA No response -0.07 [-0.21, 0.08] .35
PA Incorrect word -0.31 [-0.46, -0.15] .001
PA x Group No response -0.01 [-0.20, 0.18] 92
PA x Group Incorrect word 0.29 [0.07, 0.52] .01

Children, Set size 5

PA No response -0.05 [-0.17, 0.07] .40
PA Incorrect word -0.24 [-0.37, -0.12] <.001
PA x Group No response 0.00 [-0.17, 0.17] .98
PA x Group Incorrect word 0.18 [-0.01, 0.40] .63

Children, Set size 6

PA No response 0.03 [-0.07, 0.13] 49
PA Incorrect word -0.09 [-0.19, 0.02] .10
PA x Group No response 0.03 [-0.13, 0.018] .76
PA x Group Incorrect word 0.07 [ -0.10, 0.24] 44

Note: PA, phonological activation. HPD, highest posterior density. pMCMC, probability that the parameter estimate
includes zero

effect of PA interacted with language ability group for set sizes 4 and 5. The positive
coefficients indicate that the effect of PA on adults with DLD was attenuated.
Interactions of PA with group by set size are shown in Figure 2. The effect of PA
on the likelihood of incorrect word responses interacted with group at set sizes that
were at or near the highest proportions of incorrect word responses across set sizes.
The interaction term was positive, whereas the PA main effect was negative.
Language ability group was coded as “0” for TL and “1” for DLD, so interaction
terms reflect how the effect of PA differed for those with DLD. Higher levels of
PA generally reduced the likelihood of an incorrect word response, but that effect
was attenuated for participants with DLD. Higher PA also reduced the likelihood of
no response for both ages at set size 3, and for adults only for set sizes 4 and 5.

Word frequency

Our final question was whether the target word frequency affected response type.
The mean (SD) log SUBTLex frequency for target words in the CLPT was 3.26 (0.65)
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Table 4. Models evaluating the effect of phonological activation on response type for adults

Factor Response type Posterior mean HPD interval pMCMC

Adults, Set size 3

PA No response -1.23 [-1.95, -0.59] .001
PA Incorrect word -1.33 [-2.10, -0.70] <.001
PA x Group No response 0.87 [-0.07, 1.85] .06
PA x Group Incorrect word 0.35 [-0.59, 1.32] 46

Adults, Set size 4

PA No response -0.44 [-0.63, -0.25] <.001
PA Incorrect word -0.58 [-0.78, -0.37] <.001
PA x Group No response 0.14 [-0.15, 0.43] 33
PA x Group Incorrect word 0.38 [0.05, 0.72] .03

Adults, Set size 5

PA No response -0.25 [-0.40, -0.11] .001
PA Incorrect word -0.39 [-0.55, -0.22] <.001
PA x Group No response 0.20 [-0.01, 0.42] .05
PA x Group Incorrect word 0.28 [0.04, 0.53] .02

Adults, Set size 6

PA No response -0.10 [-0.22, 0.02] .09
PA Incorrect word -0.21 [-0.34, -0.09] .001
PA x Group No response 0.03 [-0.15, 0.20] 12
PA x Group Incorrect word 0.12 [-0.07, 0.33] 23

Note: PA, phonological activation. HPD, highest posterior density. pMCMC, probability that the parameter estimate
includes zero.

as compared to a corpus mean (SD) of 1.66 (0.86) (Balota et al., 2007). We modeled
the effect of frequency on response type, after including set size as a control variable.
We evaluated the interactions of frequency with group and age. To parallel the
model for serial position, we used data from set sizes 3 to 6. Because frequency
did not systematically change with set size, we analyzed the data for the combined
sets.

Higher word frequency generally decreased the likelihood of no response
(M, = -0.64, HPDI [-1.07, -0.23], pMCMC = .004) and incorrect word responses
(M, =-1.44, HPDI [-1.87, -1.00], pMCMC < .001). Frequency did not interact
with group for no response (M, = 0.07, HPDI [-0.37, 0.52], pMCMC = .78), but
did for incorrect word responses (M,=0.95, HPDI [0.39, 1.49], pMCMC <
.001). The positive coefficient indicates that the facilitating effect of higher word
frequencies was attenuated for the group with DLD. Frequency did not interact with
age for no response (M, = 0.51, HPDI [-0.04, 1.05], pMCMC < .07) nor for incor-
rect word responses (M, = 0.87, HPDI [-0.04, 1.73], pMCMC = .053). There were
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Figure 2. Incorrect word responses as a percentage of total responses by set size and age. Significant
phonological activation by language ability group (PA x G) interactions indicated for set sizes 3 and 4
for children, set sizes 4 and 5 for adults.

no significant three-way interactions of frequency, group, and age for no response
(M, =-0.66, HPDI [-1.40, 0.07], pMCMC =.08) and incorrect word responses
(M, =-0.98, HPDI [-2.14, -0.20], pMCMC = .10).

Higher frequency target words were less likely to elicit incorrect words and no
responses than lower frequency targets. The benefit of frequency was reduced for
participants with DLD, but did not interact with age.

Discussion

Individuals with DLD produced fewer correct recall responses in the listening span
task than their peers with TL, consistent with prior reports of more limited VWM
capacity in children with DLD (Ellis Weismer et al., 1999; Leonard et al., 2007).
Adults with DLD also demonstrated more limited VWM capacity than their peers.
Both groups with DLD had lower PIQ scores than their TL peers, consistent with the
DLD phenotype (Bishop et al., 2017). The finding for adults with DLD is consistent
with evidence for the persistence of the disorder into adulthood (Clegg et al., 2005;
Johnson et al., 1999). What has been less clear is why VWM capacity is limited,
leading us to analyze the pattern of response types for a VWM task.

No response was the most common error in the VWM task and increased con-
sistently with set size. In contrast, the proportion of incorrect word responses for
participants with DLD increased to set size 3 for children and to set size 5 for adults.
After these peaks, the proportion of incorrect words declined as set size increased,
consistent with findings of Marton et al. (2007) who also reported that the incorrect
word responses of children with DLD reached a maximum and then did not
increase further with set size. Those authors noted that no response was the most
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common error in their data. We sought to understand factors contributing to both
incorrect word and omitted responses.

Omitted responses were reduced for all participants by the factors of extreme
serial position, higher PA, and higher lexical frequency. Finding fewer omissions
for higher frequency words is consistent with prior findings of frequency effects
in verbal short-term memory in typical young adults (Allen & Hulme, 2006).
The effects of all three factors are consistent with prior work showing that speech
production mechanisms and long-term language representations influence VWM
performance (Hulme et al., 1997; Roodenrys et al., 2002, Martin & Saffan, 1997),
but our findings do not favor a particular VWM model or mechanisms by which
language influences VWM. Instead, our findings provide a perspective on how DLD
affects the production of correct, omitted, and incorrect responses during the course
of a VWM task.

For omitted responses there was an interaction of recency with language group.
Interactions with language ability were also found for incorrect word responses for
serial position, PA, and frequency. The interactions indicated that the influence of
language production factors that facilitated correct responses were attenuated for
individuals with DLD, who presumably have less than optimal language production
systems. We next explore these differences in our data in light of research on DLD
resulting from limited processing capacity and as an emergent phenomenon.

The role of dynamic task demands

One possible explanation for the response patterns we observed centers on process-
ing limitations and poor inhibitory control (Marton et al., 2007). By this view, chil-
dren with DLD have more difficulty inhibiting competing stimuli in VWM tasks.
The percentage of incorrect word responses increased with set size for participants
with DLD to set size 3 for children and 5 for adults. As predicted by the inhibitory
control account, as demands increased on the limited VWM capacity of the partic-
ipants with DLD, they had more difficulty with inhibiting competing stimuli, result-
ing in more incorrect word responses. The percentage of incorrect word responses
beyond these peaks, however, declined whereas no response errors increased, con-
sistent with prior findings (Marton et al., 2007). It is not clear how the inhibitory
control account on its own explains the absence of an increase in incorrect words to
the largest set sizes. It is also unclear how poor inhibitory control, as a domain gen-
eral ability, accounts for the pattern of interactions with recency, word frequency,
and PA.

The peak of incorrect word responses took place at set sizes likely to be the limits
of most participants’ VWM span limit. Without a direct measure of VWM span, we
must be cautious in interpreting the data as suggesting the size of capacity limits.
Prior research, however, suggests a span limit of three to five items for adults with
TL (Belleville, Rouleau, & Caza, 1998; Cowan, 2010; Komori, 2016), consistent with
the pattern in our data. The capacity for children is more limited (Nicolaou et al.,
2018). In any case, increasing set size may have resulted in an initial increase fol-
lowed by a decline in uncertainty for those with DLD. At small set sizes, they were
sure of knowing the target word. At larger sets, they were uncertain, not sure of
knowing or not knowing the target, hurting their ability to self-monitor and inhibit
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novel responses (Coutinho et al., 2015). At the largest set sizes, they were again cer-
tain, but now of not knowing many target words.

The interaction between recency and group for incorrect word responses is con-
sistent with this account of changing levels of uncertainty affecting inhibitory con-
trol as the task evolves. In Figure 1, positions coded 2 and 4 elicited more incorrect
word responses from children with DLD, consistent with the attenuation of the
effect of extreme serial position indicated by the interaction. The penultimate posi-
tion of a target word may have shifted children with DLD into a more uncertain
state resulting in more incorrect word responses. The uncertainty shift related to
recency is supported by the information distinctiveness account of serial position
effects (Burgess & Hitch, 2006; Oberauer et al., 2016). By this account, early and
late items in lists stand out from more central items. The more distinctive targets
are more activated than competing alternatives, resulting in better recall. In the case
of participants with DLD, increased distinctiveness may affect levels of certainty.

In contrast to the attenuation of recency effects for incorrect responses, we found
a heightened recency effect for no response for the group with DLD. This finding is
consistent with Mainela-Arnold and Evans’s (2005) finding of a heightened recency
effect relative to primacy for children with DLD, but differs from Gillam et al.
(1998), who found attenuated recency effects for children with DLD. Mainela-
Arnold and Evans indicated that the demands of their complex span task were
greater than those of the simple span task used in the Gillam et al.’s study, which
encouraged their participants to adopt a strategy of focusing on recall of the set-final
words. Our study used the same complex span task, but we included adult partic-
ipants. For both children and adults with DLD, the effect of recency for omission
errors varies with task conditions. Our findings add evidence that recency affected
no response and incorrect word responses differently. The reduction in no response
was accompanied by an increase in incorrect word responses in otherwise facilitat-
ing conditions.

The interaction of target word frequency with language ability group for incor-
rect words followed the same pattern as serial position. Higher frequency generally
reduced the likelihood of no response and incorrect word responses, in line with
prior findings for typical adults (Allen & Hulme, 2006; Hulme et al., 1997; Luce
& Pisoni, 1998). For the group with DLD, however, the effects of frequency was
attenuated for incorrect word responses. Compared to lower frequency words at
the same level of memory demand, participants may have been shifted toward a
threshold state of uncertainty for higher frequency words. In conditions where they
otherwise would not have produced an incorrect word, less inhibited participants
with DLD now did, resulting in a higher rate of incorrect word responses. A limi-
tation of the study is that we did not attempt to estimate frequencies specific to sin-
gular versus plural forms, or to syntactic categories (e.g., fly as a verb vs. fly as a
noun). Frequency effects may vary by word class and form (Rice, Oetting,
Marquis, Bode, & Pae, 1994), and these variables should be considered in future
research.

The interactions of PA with language ability group add another dimension: vari-
ation by set size. PA generally reduced the likelihood of error responses, but this
effect was attenuated for the groups with DLD at set sizes near peaks in the propor-
tion of their incorrect word responses (Figure 2). These interactions may have
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occurred at these set sizes simply because variability in response type was not atten-
uated by floor or ceiling effects. However, this was also true at set size 5 for children,
yet there was no interaction. Furthermore, there was little evidence of interactions of
PA and group for no response. The differential effect of PA for participants with
DLD is detectable only for incorrect word responses when the task is neither too
easy nor too difficult. The interaction effects appear at points of greater uncertainty
associated with the limits of VWM, and the incorrect word responses may be a
result of poorer control of inhibition under these conditions for participants with
DLD (Coutinho et al., 2015; Marton et al., 2007).

Greater PA may also have supported the compressibility of target words,
accounting for the reduction in both error types. Greater PA may have enhanced
the strength of representations encoded in short-term memory, facilitating the rec-
ognition of phonological patterns in the memoranda that aided recall. The role of
compression is dynamic (Chekaf et al., 2018), playing a greater role supporting
recall as task demands increase. For typical adults, compression is not demanding
of cognitive processing resources (Mathy et al., 2018), but may be for individuals
with DLD (Montgomery et al., 2018). At peak task demands, participants with
DLD may have been more constrained by efforts to divide their attention between
storage and compression on the one hand, and processing on the other hand, result-
ing in the attenuated benefit of PA on compression. As a result, they produced more
overt errors and fewer accurate responses at the limits of their capacities.

Changing demands during the course of the VWM task resulted in more rising
then falling proportions of incorrect word responses whereas no response errors
increased as set size increased. Incorrect word responses, but not no response errors,
were more likely for participants with DLD in the presence of generally facilitating
factors of frequency and PA. This pattern of errors may be explained by changing
levels of uncertainty coupled with more limited abilities of participants with DLD to
inhibit competing stimuli or divide their attention between storage and compression
and processing the sentences. This account is consistent with a view of the language
performance of individuals with DLD as emergent, resulting from interactions of
the individual’s capacities and the changing demands on the language production
system (Evans, 2001). This emergent account of DLD provides an alternate expla-
nation for the interactions of facilitating speech production factors with language
ability group, the effect of language experience.

A role for effective language experience

Interactions of speech production factors and language ability group consistently
indicated that generally facilitating factors had a reduced effect for the group with
DLD. These interactions may reflect the fact that individuals with DLD have had
less effective language experience. Compared to peers with TL, children with
DLD require more exposure to incorporate statistical information on language into
their long-term memories (Evans et al., 2009). The implication is that individuals
with DLD are less sensitive to the regularities of language that support language
learning. As a result, higher frequency for target words, for example, is less effective
in suppressing incorrect word responses for the group with DLD.
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Phonological activation effects reflected both short- and long-term experience
with phonemes. The experience of phonemes within the task builds as the task pro-
gresses. Following speech production models (Foygel & Dell, 2000), hearing onsets
and vowel nuclei in the task activates those sounds, and by linkage activates candi-
date words containing those sounds in the task. However, this within-task activation
takes place on a backdrop of the participant’s long-term experience of the phonemes
(Hsiao & Nation, 2018). Individuals come to the task with a base level of connection
strength between phonemes and words that are target or alternative responses in the
task. Individuals with DLD may come to the task with lower base levels of connec-
tion strength, so that when the within-task additional activation is added, there is a
smaller effect compared to peers with TL.

Within the study, the mean levels of the model coefficient estimates are consis-
tent with an effect of long-term language experience. In separate models for children
and adults estimating the effects of PA on response type, coefficients for the effect of
PA were consistently further from zero for the adults. This suggests that the same
within-task experience of hearing target word phonemes resulted in larger effects for
adults. These are descriptive differences, not statistically tested differences, but the
child-to-adult differences are consistent with a role for long-term language experi-
ence in how individuals respond to the within-task activation of target-word pho-
nemes. The consistently attenuated effects of lexical and memory factors on the
group with DLD, together with a differing magnitude of effects by age group imply
that different degrees of effective language experience affect response patterns in
VWM tasks.

Observations on incorrect responses

The characteristics of the words produced incorrectly are of considerable interest.
Because these responses were so sparse relative to the overall body of data, statistical
analysis is not feasible. However, descriptive observations can be made regarding the
errors produced by children; adults did not produce enough errors to consider sys-
tematically. For all children, by far the most common error was to repeat a word
encountered earlier in the task, including targets and nontargets. Children with
DLD appeared to differ from peers in producing relatively more errors related to
words not in the sentence set they were attempting to recall. Furthermore, if we
identify which sentence set contains the word produced in error, children with
TL usually produced a word that appeared in the previous set. In contrast, children
with DLD often produced words that could be traced back, two, three, four, or more
sets. We speculate that the children with DLD had more difficulty inhibiting words
that had been activated earlier in the task. This is an intriguing entry point for fur-
ther research into recall errors.

Conclusions and implications

In order to understand how the development of VWM in individuals with DLD
is related to language deficits, it is crucial to consider properties of the linguistic
system as well as mechanisms of WM. Performance on a complex listening span
task was influenced for adults and children with and without DLD by the
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memory mechanism represented by serial order, the lexical-level variable of
word frequency, and by the phonological properties of the words encountered
in the task. The influence of these variables was attenuated for adults and chil-
dren with DLD, with the exception of a heightened effect of recent serial position
on no responses in individuals with DLD. Our findings add to existing research
by providing evidence for the complex and dynamic effects of PA, as well as
serial position and frequency, in states of uncertainty or instability for individ-
uals with DLD. We also show that these effects are found in adults as well as in
children.

We suggest that future research on VWM in individuals with DLD should take
the word production system into account. For example, complex span tasks (listen-
ing span and others; Jarrold, 2017), could be manipulated to systematically vary
serial position, lexical frequency, and PA, as well as the position of phones within
words (onset, vowel, and coda), phonological and semantic similarity among items,
and lexical variables such as phonological neighborhood density (Acheson &
McDonald, 2009). Our study did not consider syllable codas for PA, as in the
Foygel and Dell (2000) model. The VWM task in the current study included mul-
tisyllabic target words, which raised the question of whether all syllable codas, or
only codas of stressed syllables, have an impact on PA and ultimately VWM.
These variables are not new to WM research, but the challenge is to manipulate
and/or control multiple variables within a single experiment. Mixed-effects models
offer tools to help analyze such complex designs, although more complex models
become challenging to interpret and may not converge. A systematic set of experi-
mental investigations, each with a manageable number of variables, would enhance
our understanding of VWM in DLD.

From a clinical perspective, valid assessment and effective intervention for
individuals with DLD depend on understanding the locus of VWM deficits.
Our findings suggest that VWM assessment consider different levels of task
demand, as factors affecting VWM performance change as the task transitions
from easy to challenging to impossible. Intervention to remediate VWM limi-
tations is an active area of research. The evidence supporting intervention in
VWM is controversial as researchers debate whether immediate gains in
VWM result in downstream gains in functional language ability (Gillam,
Holbrook, Mecham, & Weller, 2018). An alternative is to intervene on the lan-
guage system with downstream gains in VWM. Interventions focused on
improving phonological abilities have been shown to benefit VWM capacity
(Gillam et al., 2018), a finding consistent with the significant role of PA in
our study. Research is needed to determine which intervention approaches result
in well-maintained, functional language gains.

We set out to explore why children and adults with DLD have poorer perfor-
mance on VWM tasks. We found that traditional influences on list recall as well
as lexical characteristics of target memoranda affected how participants
responded. Factors in common with models of speech production affected
VWM response. The conditions under which these factors affected response var-
ied with the level of task challenge. For both children and adults with DLD, these
external factors differentially affected their performance when they were in an
uncertain state.
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Appendix A. Response Distribution

Table A.1. Response type distribution by age, set size, and typical language (TL) or developmental
language disorder (DLD)

Percentage of response type by set size

Incorrect word No response Correct word

Set size (sentences) TL DLD TL DLD TL DLD
Children

1 3.8 33 0.0 1.7 96.2 95.0
2 24 5.4 2.9 11.7 94.7 82.9
3 4.5 11.7 12.2 25.0 83.3 63.3
4 2.9 11.7 37.5 41.3 59.6 47.1
5 3.1 10.7 42.7 46.7 54.2 42.7
6 4.8 6.4 47.1 52.2 48.1 41.4
All sets total 3.6 8.6 30.2 36.3 66.2 55.1
Adults

1 0.0 0.0 0.0 0.0 100.0 100.0
2 0.0 0.6 0.0 3.0 100.0 96.4
3 1.4 6.3 2.2 7.1 96.4 86.5
4 2.2 6.0 9.2 26.2 88.6 67.9
5 2.6 6.2 13.9 36.2 83.5 57.6
6 3.3 2.8 21.4 38.9 75.4 58.3
All sets total 2.0 4.0 10.5 24.0 87.5 71.9

Appendix B. Multifactor Models

To evaluate whether any effect of PA was an artifact of its relationship to serial position, we compared mean
(SD) target word PA by serial position. PA did not vary significantly by serial position for set sizes 3-6,
F(2) =248, p=_10.

There were an equal number of items at each serial position for set sizes 4 and 6, so we modeled PA with
extreme serial position at those set sizes. Models including extreme serial position with PA had lower DICs
than those excluding it, so we continued with both predictors. A model based on child data from set size 4
found no significant effect for extreme serial position, but did find an effect of PA on incorrect word
responses (M, =-0.36, HPDI [-0.59, -0.14], pMCMC = .001). There was also a significant PA x Group
interaction for incorrect words (M, = 0.29, HPDI [0.04, 0.53], pMCMC = .02). The model for child data
at set size 6 found no significant effects of PA.

For adults at set size 4, a model including extreme serial position found that higher PA reduced the like-
lihood of both no response (M,=-0.30, HPDI [-0.53, -0.08], pMCMC = .005) and incorrect word
responses (M, = -0.39, HPDI [-0.66, -0.13], pMCMC = .003). Interactions of group and PA were not sig-
nificant. At set size 6 for adults, there were effects of extreme serial position on no response (M, = -1.20,
HPDI [-1.76, -0.62], pMCMC < .001) and incorrect words (M,=-0.96, HPDI [-1.78, -0.12],
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PpMCMC = .02). Higher PA reduced incorrect word responses for adults (M, = -0.18, HPDI [-0.30, -0.06],
PMCMC = .004).

To evaluate whether any effect of target word frequency was an artifact of its relationship with extreme
serial position, we assessed whether frequency systematically varied with serial position. Mean (SD) target
word frequency for set sizes 3-6 did not differ significantly by serial position, F(2) = 0.174, p = .841. A regres-
sion model with extreme serial position, set size, and target word frequency had a lower DIC (4850.8) than a
model without extreme serial position (DIC = 4863.1), so we retained serial position in the model. This model
found significant effects for extreme serial position (M, = -0.43, HPDI [-0.82, -0.02], pMCMC = .04) and
word frequency for no response (M, = -0.50, HPDI [-0.90, -0.08], pMCMC = .02) and frequency on incor-
rect word responses (M, = -1.42, HPDI [-1.82, -0.99], pMCMC < .001). There was no significant frequency
by group interaction for no response but there was for incorrect word responses (M, = 0.82, HPDI [0.38,
1.26], pMCMC < .001).

We evaluated models including both word frequency and PA and found that models including both var-
iables had higher DICs than those with PA alone, so we did not pursue models including both predictors.

These multifactor models indicate that extreme serial position, PA, and target word frequency have
effects on response type that are not simply artifacts of the relation of one factor with another.
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