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Abstract The purpose of this study was to assess whether the
differential effects of working memory (WM) components
(the central executive, phonological loop, and visual-spatial
sketchpad) on math word problem-solving accuracy in chil-
dren (N=413, ages 6-10) are completely mediated by read-
ing, calculation, and fluid intelligence. The results indicated
that all three WM components predicted word problem solv-
ing in the nonmediated model, but only the storage component
of WM yielded a significant direct path to word problem-
solving accuracy in the fully mediated model. Fluid intelli-
gence was found to moderate the relationship between WM
and word problem solving, whereas reading, calculation, and
related skills (naming speed, domain-specific knowledge)
completely mediated the influence of the executive system
on problem-solving accuracy. Our results are consistent with
findings suggesting that storage eliminates the predictive con-
tribution of executive WM to various measures Colom,
Rebollo, Abad, & Shih (Memory & Cognition, 34: 158-171,
2006). The findings suggest that the storage component of
WM, rather than the executive component, has a direct path
to higher-order processing in children.
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Although basic calculation is an important part of math com-
petence, another aspect of math that may be as important and
warrants further investigation is word problem solving. Word
problem solving is math exercises in which background infor-
mation is presented as texts rather than math notations and
equations, and it is one of the most important methods through
which students can learn to select and apply the appropriate
strategies for solving real-world problems.

Several lines of inquiry have indicated that one domain-
general process, working memory (WM), may play an impor-
tant role in problem solving in children (e.g., Lee, Ng, Ng, &
Lim, 2004; Passolunghi & Mammarella, 2010; Swanson &
Beebe-Frankenberger, 2004; Zheng, Swanson, &
Marcoulides, 2011). This connection becomes apparent when
the steps related to math problem solving are taken into con-
sideration. For example, solving a word problem such as “13
pencils are for sale, and 6 pencils have erasers on top. The
pencils are large. How many pencils do not have erasers?”
involves a variety of mental activities. Children must access
prestored information (e.g., 13 pencils), access the appropriate
algorithm (e.g., 13 minus 6), and apply problem-solving pro-
cesses to control its execution (e.g., ignoring the irrelevant
information). Given the multistep nature of word problems,
WM plays a major role in solution accuracy.

By far the most utilized framework for understanding the
role of WM and problem solving is Baddeley’s multiple-
components model (Baddeley & Logie, 1999). In this model,
WM consists of three components: visual-spatial sketchpad,
phonological loop, and central executive. The visual-spatial
sketchpad is for the temporary storage of visual and spatial
information, and it is important for the manipulation of mental
images, such as mathematical symbols and shapes. The pho-
nological loop is for the temporary storage of verbal informa-
tion, and it is important for the storage of text and verbal
information, such as the story in a word problem. It is also


http://crossmark.crossref.org/dialog/?doi=10.3758/s13421-017-0697-0&domain=pdf

Mem Cogn (2017) 45:804-823

805

used for encoding and maintaining calculation operands (Furst
& Hitch, 2000; Noél, Désert, Aubrun, & Seron, 2001). The
central executive coordinates activities between the two sub-
systems (i.e., visual-spatial sketchpad and phonological
loop), and increases the amount of information that can be
stored in them. This model has been revised to include an
episodic buffer (Baddeley, 2000, 2012), but support for the
tripartite model has been found across various age groups of
children (e.g., Gathercole, Pickering, Ambridge, & Wearing,
2004). For example, Gray et al. (2017) added measures of the
episodic component (tasks that bind verbal and visual infor-
mation) to a battery of WM measures given to 7- to 9-year-
olds, and they found weak support for the four-factor model in
comparison to Baddeley’s (e.g., Baddeley & Logie, 1999)
earlier three-factor model. In addition, because the Baddeley
and Logie model was originally three components and a
fourth component was added later, for the present purposes
this fourth component was not analyzed. Thus, this study fo-
cuses on the three-factor structure consistent with Baddeley’s
earlier model.

Although several studies have suggested that the capacity
and efficiency of WM is associated with word problem-
solving performance (e.g., Passolunghi & Mammarella,
2010; Zheng et al., 2011), not all studies have shown a signif-
icant relation between WM and problem solving (Fuchs et al.,
2006; Lee et al., 2004). For example, Lee et al. (2004)
assessed the performance of 10-year-olds on measures of
word problem solving, WM, intelligence, and reading ability.
They found that children who had greater capacities related to
WM measures were better able to solve mathematical prob-
lems. At the same time, they found that children with higher
1Qs, better reading skills, and larger vocabularies performed
better on mathematical word problems. Furthermore, WM did
not contribute important variance to word problem solving
after measures of reading had been entered into the regression
analysis. In contrast, some studies showed that reading or
reading-related processes do not directly mediate the influence
of WM on problem solving (e.g., Passolunghi, Cornoldi, &
De Liberto, 1999; Swanson & Sachse-Lee, 2001). For exam-
ple, Swanson and Sachse-Lee found among children with
math disabilities that phonological processing, WM (execu-
tive component), and visual WM each contributed unique
variance to word problem solving. Thus, they did not find
support for the idea that reading ability or literacy processes
mediated the role of WM in word problem solving.

Overall, the cognitive processes that underlie or mediate
the relationship between WM and problem solving are unclear
from the existing literature. Likewise, among those studies
that have found a direct relationship between WM and word
problem solving, the components of WM that predict word
problem solving have also been unclear. Although some au-
thors (Conway, Cowan, Bunting, Therriault, & Minkoff,
2002; Engle, Tuholski, Laughlin, & Conway, 1999; Kane

et al., 2004) have found that the executive component of
WM, and not storage, predicted high-order processes (in this
case, intelligence), other have found that a common storage
system (e.g., the phonological loop) was a better predictor of
high-order skills than was the executive component of WM
(e.g., Colom, Abad, Rebollo, & Shih, 2005; Colom, Flores-
Mendoza, Quiroga, & Privado, 2005).

In summary, although some studies have suggested a sig-
nificant relationship between different components of WM
and word problem solving, this relationship may be complete-
ly mediated by individual differences in children’s skills in
reading, math, and intelligence. Thus, further research is nec-
essary to determine whether the components of WM have a
direct relationship to word problem solving when the afore-
mentioned mediator variables are taken into consideration. We
considered three models to account for the mediation effects
between WM and word problem solving: One focuses on fluid
intelligence, a second focuses on a child’s knowledge base,
and third relates to reading processes (these models are further
discussed in Swanson & Beebe-Frankenberger, 2004).

The first model suggests that processes related to an exec-
utive system, as captured by measures of fluid intelligence,
mediate the relationship between WM and problem solving.
Fluid intelligence, or higher-order thinking skills, is highly
dependent on the cognitive functions of WM. Several studies
have suggested that WM and fluid intelligence are driven by
the same executive processes (e.g., Conway et al., 2002),
whereas other studies have suggested that WM and fluid in-
telligence operate as distinct constructs in predictions of aca-
demic performance (e.g., Ackerman, Beier, & Boyle, 2005).
However, findings concerning the relationship between fluid
intelligence and WM have been somewhat mixed. Thus, in the
subsequent modeling we hoped to determine whether fluid
intelligence is best modeled as a unique independent variable
or as a mediating variable that underlies the contributions of
WM to word problem solving.

A second model suggests that a child’s knowledge base
plays a major role in mediating the influence of WM on prob-
lem solving. Several capacity models suggest that WM is the
activated portion of declarative long-term memory (LTM;
Anderson, Reder, & Lebiere, 1996; Cantor & Engle, 1993);
that is, WM capacity influences the amount of resources avail-
able to activate knowledge (see Conway & Engle, 1994, for a
review of this model). More specifically, a word problem in-
troduces information into WM. The contents of WM are then
compared with possible action sequences (e.g., associative
links) in LTM (Ericsson & Kintsch, 1995). When a match is
found (recognized), the contents of WM are updated and used
to generate a solution. In the present study, we assessed wheth-
er the retrievability of contents in LTM mediates the relation-
ship between WM and problem solving. The specific contents
of interest were related to calculation skills (correct answers to
calculation problems) as well as to accessing numerical,
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relational, question, extraneous information, and the appropri-
ate operations and algorithms for problem solution (Mayer &
Hegarty, 1996; Swanson, Cooney, & Brock, 1993).

A final model considers that the influence of WM on chil-
dren’s word problem solving is primarily mediated by reading
processes. Because mathematical word problems are a form of
text, and because the decoding and comprehension of text
draw on the phonological system (see Baddeley, Gathercole,
& Papagno, 1998, for a review), reading mediates the relation-
ship between problem-solving tasks and WM. We would ex-
pect reading to play a key role in mediating the effects of the
phonological loop on word problem solving. This is because
the phonological loop (temporary storage of verbal informa-
tion) shares a substrate with reading processes. A related pho-
nological process that may mediate the influence of the pho-
nological loop on word problem solving is naming speed.
Rapid naming is assumed to enhance the effectiveness of sub-
vocal rehearsal processes, and hence to reduce the decay of
memory items in the phonological store prior to output (e.g.,
Henry & Millar, 1993). Naming speed has been interpreted as
ameasure of how quickly items can be encoded and rehearsed
within the phonological loop (e.g., McDougall, Hulme, Ellis,
& Monk, 1994).

The present study addressed two questions:

1. Is there a direct relationship between the components of
WM and word problem solving when the mediating roles
of reading, calculation, and fluid intelligence are included
in the analysis?

Although several studies have shown that reading, calcu-
lation, and fluid intelligence are associated with word problem
solving (e.g., Kyttild & Bjom, 2014; Swanson, Jerman, &
Zheng, 2008; Vilenius-Tuohimaa, Aunola, & Nurmi, 2008;
Zhengetal.,2011), this study was meant to determine whether
a direct relationship would emerge between WM and word
problem solving when the mediating effects of reading, math,
and fluid intelligence were taken into consideration. On the
basis of studies thathad shown differential contributions of the
WM components (i.e., central executive, phonological loop,
and visual—spatial sketch pad) to word problem solving (e.g.,
Meyer, Salimpoor, Wu, Geary, & Menson, 2010; Swanson &
Sachse-Lee, 2001; Zheng et al., 2011), we hypothesized that
the phonological loop (the storage component) would have
the strongest direct link to word problem solving.

2. Do other processes, besides those related to reading and
calculation skills, uniquely mediate the relationship be-
tween the components of WM and word problem solving?

Previous studies had attributed proficiency in word
problem solving to naming speed (e.g., Cirino, 2011;
Geary, 2011; Swanson & Kim, 2007) and problem repre-
sentation (e.g., Swanson, 2004; Zhengetal.,2011), toname
a few of the processes. Therefore, in the present study we
aimed to determine whether WM contributes a direct path
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to word problem solving when it is mediated by the afore-
mentioned processes. For example, several studies have
revealed links among measures of naming speed (e.g.,
Landerl & Wimmer, 2008; Lepola, Poskiparta,
Laakkonen, & Niemi, 2005; Schatschneider, Fletcher,
Francis, Carlson, & Foorman, 2004; Wolf & Bowers,
1999), and therefore it can be hypothesized that measures
of naming speed would mediate the relationship between
WM and word problem solving.

Method
Participants

The data were gathered as part of a larger research project that
occurred from 2008 to 2014. The sample from the larger study
included 2nd through 5th grades. A subset of the data is re-
ported in Swanson and Fung (2016) for Year 1 and 2 third
graders. The present sample was selected from the Year 3 data
and included only second, third, and fourth graders, since this
was the larger sample size. Children were select from two
charter schools and two public schools in the American
Southwest. After we had received parent permission, the sam-
ple consisted of 413 children (213 females and 200 males),
ages 610 (M=8.38, SD=0.51) from 35 classrooms. The ma-
jority of the sample (75%) was drawn from Grade 3 (8-years-
olds), 10% from Grade 2, and 15% from Grade 4. The age
ranges are reported in Table 1. The sample consisted of 207
Caucasians, 128 Hispanics, 23 African Americans, 22 Asians,
and 33 who identified as Other (e.g., Native American,
Vietnamese, or Pacific Islander). The mean socioeconomic
status (SES) of the sample was primarily low to middle SES,
based on free lunch participation, parent education, or parent
occupation. Thirty-five percent of the sample received federal
assistance from the free lunch program. All children were
tested in January or February and included in two testing
sessions.

The description of the criterion and predictor variables and
procedures for each measure follow.

Criterion measures

Word problem solving Three measures were used to assess
word problem solving. The story problem subtest of the Test
of Math Ability (TOMA-2; Brown, Cronin, & McEntire,
1994), the Story Problem Solving subtest from the
Comprehensive Mathematical Abilities Test (CMAT,;
Hresko, Schlieve, Herron, Swain, & Sherbenou, 2003), and
the KeyMath Revised Diagnostic Assessment (KeyMath;
Connolly, 1998). In the TOMA, children were asked to silent-
ly read a short story problem that ended with a computational
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Table 1  Descriptive statistics for all measures
Measure N  Mean SD Skew Kurtosis
Age 413 8.3820 05114 0.2613  1.3978
Central Executive
Conceptual Span 406 10.0064 1.7310 04176  0.8832
Auditory Digit Seq 406 10.0122  1.8114 0.4075 0.0190
Listening Sentence 406 9.9994 1.5811 0.4988 1.0744
Phonological Loop
Digit Forward 408 6.7549 1.6644  0.1912  -0.0349
Word Span 411 8.2263 33720 0.2862 —0.6533
Phonetic Memory 412 3.1359 2.1435 09173  1.5364
Visual-Spatial
Visual Matrix 405 10.0073  1.6080  0.4099  0.1729
Mapping/Direction 411  9.9928 1.7474 09514 1.5944
Reading
TORC (raw) 408 13.9338 58160 0.1784 —0.2133
TORC (std) 408 9.3529 22427  —0.1198 0.0885
WRAT-Read (raw) 410 31.1463  4.2430 0.2837 1.1132
WRAT-Read (std) 410 104.3756 11.8282 0.2047  0.8637
Calculation
WIAT (raw) 412 16.1699  3.1685 —0.0937 0.3021
WIAT (std) 412 98.9272 12.4384 0.0856 —-0.2616
WRAT (raw) 412 239296 2.7290 03211  0.4158
WRAT (std) 412 99.1650  10.2072 0.0531  0.6320
CBM 407 4.7961 3.5030  0.8515  0.5575

TORC =Test of Reading Comprehension, WRAT Read = Reading sub-
test of the Wide Range Achievement Test, WIAT =numerical operations
subtest of the Wechsler Individual Achievement Test, CBM = Test of
Computational Fluency.

"p<.05, " p<.01, " p<.001

question about the story (i.e., Reading about Jack and his dogs
and then ending with, “How many pets does Jack have?”’) and
then working out the answer in the space provided on their
own. Reliability coefficient for the subtest is above .80.

The CMAT included word problems that increased in difficul-
ty. The tester read each of the problems to the children, asking
them to read along on their own paper. They were then asked
to solve the word problem by writing out the answer. Two
forms of the measure were created that varied only in names
and numbers. The two forms were counterbalanced across
presentation order. The manual for the CMAT subtest reported
adequate reliabilities (>.86) and moderate correlations (>.50)
when compared with other math standardized tests (e.g., the
Stanford Diagnostic Math Test).

The KeyMath word problem-solving subtest involved the
tester reading a series of word problems to the children while
showing a picture illustrating the problem and then asking
them to verbalize the answer to the problem. Both equivalent
forms of the KeyMath were used (Forms A and B). The two

forms were counterbalanced across presentation order. The
KeyMath manual reported reliability at .90 with split-half re-
liability in the high .90s. Cross-validation with the lowa Test
of Basic Skills yielded an overall correlation of .76. The
KeyMath problem-solving subtest involved the tester reading
a series of story problems to the student while showing a
picture illustrating the problem and then asking the child to
verbalize the answer.

Predictor measures

Three measures captured executive processing, two captured
performance related to the visual-spatial sketchpad, and three
measures captured performance related to the phonological
loop. The tasks used in this study were taken from Swanson
and colleagues (Swanson & Frankenberger, 2004; Swanson
et al., 2008) and the reader is referred to these sources for
further descriptions of the psychometric characteristics of the
measures. The Executive WM tasks administered in this study
follows the same format as Daneman and Carpenter’s (1980)
Listening Span measure. The Listening Span rather than the
Reading span measures was selected because reading skills
varied in the sample (i.e., young children were tested).
Consistent with Daneman and Carpenter’s seminal WM mea-
sure, the processing of information was assessed by asking
participant’s simple questions about the to-be-remembered
material, whereas storage was assessed by accuracy of item
retrieval. The question required a simple recognition of new
and old information and was analogous to the yes/no response
feature of Daneman and Carpenter’s task. It is important to
note, however, that in these tasks the difficulty of the process-
ing question remained constant within task conditions, where-
as the number of items to be recalled within the list incremen-
tally increased in size. Furthermore, the questions focused on
the discrimination of items (old and new information) rather
than deeper levels of processing such as mathematical com-
putations (e.g., Towse, Hitch, & Hutton, 1998). All WM tasks
were administered starting at the smallest list length (two
items) and proceeded incrementally in the list length until an
error occurred (e.g., an item omitted or recalled out of order).
The Cronbach alpha for each task used in this study, with age
partialed out, was>.80.

Central executive This component of WM was measured
using three tasks. The Listening Sentence Span task assessed
children’s ability to remember information embedded in a
short sentence (Daneman & Carpenter, 1980; Swanson,
1992). Testers read a series of sentences to each child and then
asked a question about a topic in one of the sentences, and
then children were asked to remember and repeat the last word
of each sentence in order. For example, a set with two
sentences: (Listen) “Many animals live on the farm. People
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have used masks since early times.” (Question) “What have
been used since early times?”

The Conceptual Span task assessed children’s ability to
organize sequences of words into abstract categories
(Swanson, 1992). Children were presented with a set of words
(e.g., “shirt, saw, pants, hammer, shoes, nails”) and asked
which of the words “go together.”

The Auditory Digit Sequence task assessed children’s abil-
ity to remember numerical information embedded in a short
sentence (Swanson, 1992). Children were presented with
numbers in a sentence context (e.g., “Now suppose somebody
wanted to have you take them to the supermarket at 8 6 5 1
Elm Street?”) and asked to recall the numbers in the sentence.

Visual-spatial sketchpad This component of WM was mea-
sured using two tasks. The Mapping and Direction Span task
assessed whether the children could recall a visual-spatial
sequence of directions on a map with no labels (Swanson,
1992). Children were presented with a map of a “city” for
10 s that contained lines connected to dots and squares (build-
ings were squares, dots were stoplights, lines and arrows were
directions to travel). After the removal of the map, children
were asked to draw the lines and dots on a blank map. The
difficulty ranged from a map with two arrows and two stop-
lights to a map with two arrows and twelve stoplights. The
dependent measure was created by determining the number of
correctly answered process questions, recalled dots, recalled
lines between the dots, number of correct arrows (to receive
credit the arrows had to be both in the correct spot and
pointing in the correct direction), and numbers of insertions
were also noted (extra dots, lines, and arrows; i.e., errors).

The Visual Matrix task assessed children’s ability to re-
member visual sequences within a matrix (Swanson, 1992).
Children were presented a series of dots in a matrix and were
allowed 5 s to study the pattern. After removal of the matrix,
children were asked to draw the dots they remembered seeing
in the corresponding boxes of a blank matrix. The difficulty
ranged from a matrix of four squares with two dots to a matrix
of 45 squares with 12 dots.

Phonological loop This component of WM was measured
using three tasks. The Forward Digit Span subtest of the
Wechsler Intelligence Scale for Children, third edition
(WISC-IIT; Wechsler, 1991) assessed short-term memory,
since it was assumed that forward digit span presumably in-
volves a subsidiary memory system (the phonological loop).
The task involves a series of orally presented numbers that
children repeat back verbatim. There are eight number sets
with two trials per set, with the numbers increasing, starting
at two digits and going up to nine digits. The WISC-III manual
reported a test-retest reliability of .91, and Cronbach’s alpha
was reported as .84.
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The Word Span task was previously used by Swanson (2004)
and assessed children’s ability to recall increasingly large word
lists. Testers read to children lists of common but unrelated nouns,
and children were asked to recall the words. Word lists gradually
increased in set size from a minimum oftwo words to a maximum
of eight. Cronbach’s alpha was previously reported as .62
(Swanson & Beebe-Frankenberger, 2004).

The Phonetic Memory Span task assessed children’s ability to
recall increasingly large lists of nonsense words (e.g., des, seeg,
seg, geez, deez, dez) ranging from two to seven words per list
(Swanson & Berninger, 1995). Cronbach’s alpha was previously
reported as .82 (Swanson & Beebe-Frankenberger, 2004).

Mediating measures

Reading Reading comprehension was assessed by the
Passage Comprehension subtest from the Test of Reading
Comprehension, third edition (TORC; Brown, Hammill, &
Weiderholt, 1995). This measure assessed children’s text com-
prehension of a topic’s or subject’s meaning during reading
activities. For each item children were instructed to read si-
lently the preparatory list of five questions, then read the short
story that was presented in a brief paragraph, and finally an-
swer the five comprehension questions (each with four possi-
ble multiple choice answers) about the story’s content.
Coefficient alphas calculated across ages are reported at .90
or above. Test-retest reliability ranged from .79-.88. Inter-
rater reliabilities ranged from .87 to .98.

Calculation The arithmetic computation subtest for the Wide
Range Achievement Test, third edition (WRAT; Wilkinson,
1993) and the Numerical Operations subtest of the Wechsler
Individual Achievement Test (WIAT; Psychological Corp.,
1992) were administered to measure calculation ability. Both
subtests required children to perform written computation on
number problems that increased in difficulty, beginning with
single digit calculations and continued on up to algebra. The
WRAT coefficient alphas were reported as .81 to .92; the WIAT
reported reliability coefficients are similar, from .82 to .91.

A version of the Test of Computational Fluency (CBM),
adapted from Fuchs, Fuchs, Eaton, Hamlett, and Karns
(2000), was also administered. Children were required to write
answers, within 2 min, 25 basic math calculation problems
that were matched to grade level. The dependent measure
was the number of problems solved correctly. Cronbach’s al-
pha has been previously reported as adequate .85 (Swanson &
Beebe-Frankenberger, 2004).

Rapid automatized naming speed The Comprehensive Test
of Phonological Processing’s (CTOPP; Wagner, Torgesen, &
Rashotte, 2000) Rapid Digit Naming and Rapid Letter
Naming subtests were administered to assess speed in recall
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of numbers and letters. Children received a page that
contained four rows and nine columns of randomly arranged
numbers (i.e., 4, 7, 8, 5, 2). Children were required to name the
numbers as quickly as possible for each of two stimulus arrays
containing 36 numbers, for a total of 72 numbers. The depen-
dent measure was the total time to name both arrays of num-
bers. The Rapid Letter Naming subtest is identical in format
and scoring to the Rapid Digit Naming subtest, except that it
measures the speed children can name randomly arranged
letters (i.e., s, t, n, a, k) rather than numbers. Coefficient alphas
for the CTOPP for the Rapid Digit Naming subtest ranged
from .75 to .96 with an average of .87, and the Rapid Letter
Naming subtest ranged from.70 to .92 with an average of .82.
Coefficient alphas for the Rapid Naming composite score
(created from the Rapid Digit and Rapid Letter Naming sub-
tests) ranged from .87 to .96, with an average of .92, indicating
a consistently high level of overall reliability. Test-retest reli-
ability for the CTOPP Rapid Digit Naming subtest was .87,
and that for the Rapid Letter Naming subtest was .92, with the
Rapid Naming composite test-retest reliability being an ac-
ceptable .90.

Fluid intelligence The Colored Progressive Matrices (Raven,
1976) were administered to assess fluid intelligence. Children
were given a booklet with patterns displayed on each page and
with each pattern revealing a missing piece. Six possible re-
placement pattern pieces were presented, and children were
required to circle the replacement piece that best completed
the pattern. The patterns progressively increased in difficulty.
Cronbach’s coefficient alpha was an adequate .88.

Word problem solving components This is an experimental
instrument designed to assess the ability to identify the com-
ponents of word problems (Swanson & Beebe-Frankenberger,
2004; Swanson & Sachse-Lee, 2001). Each booklet contained
three problems that included assessing the recall of text from
the word problems. To control for reading problems, the ex-
aminer orally read (a) each problem and (b) all multiple-
choice response options as children followed along.

After the problem was read, children were asked to turn to
the next page on which they see following statement:
“Without looking back at the problem, circle the question
the story problem was asking on the last page.” The
multiple-choice questions for the problem above were (a)
How many pine cones did Darren have in all? (b) How many
pine cones did Darren start with? (c) How many pine cones
did Darren keep? and (d) How many pine cones did Darren
throw back? This page assessed the ability to correctly identify
the question proposition of each story problem.

On the next page for each problem, the instructions were,
“Without looking back at the problem, try to identify the num-
bers in the problem.” The multiple-choice questions for the
sample problem above were (a) 15 and 5, (b) 5 and 10, (c) 15

and 20, and (d) 5 and 20. This page assessed the ability to
correctly identify the numbers in the two assignment proposi-
tions of each story problem.

The instructions on the next page were, “Without looking
back at the problem, identify what the question wants you to
find.” The multiple-choice questions were (a) The total num-
ber of pine cones Darren found all together, (b) What Darren
plans to do with the pine cones, (c) The total number of pine
cones Darren had thrown away, and (d) The difference be-
tween the pine cones Darren kept and the ones he threw back.
This page assessed the ability to correctly identify the goals in
the two assignment propositions of each word problem.

The instructions for the final page were, “Without looking
back at the problem, identify whether addition, subtraction, or
multiplication was needed to solve the problem.” Children
were directed to choose one of the two or three operations:
(a) addition, (b) subtraction, and (c) multiplication. After
choosing one of the two or three operations, children were
then asked to identify the number sentence they would use
to solve the problem: (a) 15x5 =, (b) 15+10 =, (¢) 15-5
=, or (d) 15+ 5 =. This page of the booklet assessed ability to
correctly identify the operation and algorithm, respectively.

At the end of each booklet, children were read a series of
true/false statements. All statements were related to the extra-
neous propositions for each story problem within the booklet.
For example, the statement “Darren used pine cones to make
ornaments” would be true, whereas the statement “Darren
used pine cones to draw pictures” would be false. Based on
Swanson (2004), the word problem-solving components were
divided into two constructs. The problem representation con-
struct consisted of the question, number assignment, and
goals. The solution planning construct consisted of the opera-
tion and algorithm components.

Statistical analysis

The Mplus 6.11 (Muthén & Muthén 1998-2011) software was
used to conduct path analyses. Because some measures had
missing data, maximum likelihood estimation was used. A pre-
liminary step in the analysis found 22 outliers in the dataset. The
removal of 22 outliers (3.5 standard deviations above or below
the mean for each measure), resulted in the final sample size of
413. The path analyses (discussed below) were conducted with
and without the outliers (Hendra & Staum, 2010). The inclusion
of outliers resulted in higher skewness and kurtosis for several
measures, and poorer model fit. Thus, the final analyses were
conducted without outliers. An examination of the descriptive
statistics for the remaining sample met the assumption of nor-
mality (e.g., skewness below 3, kurtosis below 4, and standard
deviations not larger than the means).

As a baseline for the analysis, two measurement (or base-
line) models assessed the influence of WM components on
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word problem solving. Model 1 was a measurement model of
the WM components and word problem solving.

Model 2 was a measurement model with the WM compo-
nents and fluid intelligence predicting word problem solving.
Thus, in Model 2, the three WM components and the fluid
intelligence latent variables were set to correlate with each
other. There are several reasons for these correlations. First,
WM is traditionally conceptualized as one system with multi-
ple components (central executive, phonological loop, and
visual-spatial sketchpad), with the central executive coordi-
nating activities between the two subsystems (i.e., the visual—
spatial sketchpad and phonological loop), and also increasing
the amount of information that can be stored in the two sub-
systems (Baddeley, 2012; Baddeley & Logie, 1999). Second,
although fluid intelligence may be a concept distinct from
WM (to be tested later), several studies with children have
shown they have strong correlations with each other (e.g.,
Swanson, 2004; Swanson & Beebe-Frankenberger, 2004).
Third, we determined whether setting the correlations between
the three WM components, and between WM and fluid intel-
ligence, resulted in better model fit.

Mediation models Finally, three mediation models (Models
3,4, and 5) were tested. We assessed the mediating effects of
fluid intelligence, naming speed, knowledge of word problem
components (representation and planning), reading, and cal-
culation on the relationship between components of WM and
word problem solving.

In subsequent modeling of the contributions of the WM
components to word problem solving, fluid intelligence was
considered a unique independent variable and later modeled
as a mediating variable. The first contrast allowed for a deter-
mination of whether the processes that mediate fluid intelli-
gence are similar to those that mediate WM components. The
second allowed for a determination as to whether the con-
structs between executive components of WM and fluid intel-
ligence were completely mediated by fluid intelligence.

The first mediation model tested whether the model fits be-
tween the independent variables (WM components, fluid intelli-
gence) and the dependent variable (word problem solving) were
best captured by indirect effects. The mediation variables of in-
terest in this indirect effect were measures related to children’s
knowledge bases and reading processes. Fluid intelligence was
left as an exogenous variable so that we could determine whether
the paths between fluid intelligence and the mediating variables
and those between WM components and the mediating variables
were comparable. That is, do the same processes that mediate
fluid intelligence mediate the components of WM?

The second mediation model allowed for both indirect and
direct effects on the relationships between WM and word
problem solving and between fluid intelligence and word
problem solving. The model addressed the following ques-
tion: Is there a direct contribution of WM to word problem

@ Springer

solving when all mediators are considered in the model? The
model directly tested the hypothesis that the components of
WM contribute direct paths to word problem solving that can
be differentiated from the paths from fluid intelligence to word
problem solving. That is, do the same processes that mediate
fluid intelligence mediate the components of WM?

The final mediation model allowed fluid intelligence to
serve as a mediating rather than an independent variable.
That is, fluid intelligence might have an influence on any
relationship between the components of WM and word prob-
lem solving, because it was related to both the independent
(WM components) and dependent (word problem solving)
measures in the previous models. In the final model, we
assessed whether the effects of the components of WM on
word problem solving can be attributed to fluid intelligence.
Thus, Model 5 addressed the question: Does fluid intelligence
mediate the contribution of WM to math problem solving?
Those additional variables of interest in terms of mediation
again were measures of children’s knowledge bases and read-
ing. However, the final model determined whether any direct
WM paths would emerge to influence problem solving when
the mediating effects of the child’s knowledge base, reading,
and fluid intelligence were completely accounted for.

Various model fit indexes were used to assess the goodness
of fit of the various models, including chi-square, the Bentler
comparative fit index (CFI), Tucker—Lewis index (TLI), root-
mean square error of approximation (RMSEA; along with
confidence intervals), and standardized root-mean square re-
sidual (SRMR). For a model to have excellent fit, the follow-
ing were required: a nonsignificant chi-square value; a
CFI>.95; a TLI>.90; and an RMSEA below .05, with the
left endpoint of its 90% confidence interval smaller than .05
(Raykov & Marcoulides, 2008). Because the chi-square test is
sensitive to sample size and has a tendency to reject models
that are only marginally inconsistent with the data examined,
more emphasis was placed on the other reported fit criteria
(Raykov & Marcoulides, 2008). To compare competing or
alternative mediation models, the Bayesian information crite-
rion (BIC) and Akaike information criterion (AIC) were used.
Models with smaller values are preferred to models with
higher values when determining the best model fit. The AIC
is primarily focused on comparing competing nonhierarchical
models (Kline, 2012), but the BIC is recommended when the
sample size is large and the number of parameters is small.
Furthermore, the BIC is more likely to penalize for additional
model parameters than is the AIC.

Procedures

Ten graduate students trained in test administration tested all
of the participants in their schools. One session of approxi-
mately 45-60 min was required for small-group test adminis-
tration, and one session of 45-60 min was required for
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individual test administration. During the group testing ses-
sion, data were obtained from word-problem-solving process
(components) booklets: the Test of Reading Comprehension,
Test of Mathematical Ability, and Visual Matrix task. The
remaining tasks were administered individually. Test admin-
istration was counterbalanced to control for order effects. The
task order was random across participants within each test
administrator.

Results
Descriptive statistics

The means, standard deviations, skewness, and kurtosis of the
measures are shown on Table 1. The sample size varied from
405 to 413, excluding the 22 outliers. The skewness and kur-
tosis of all measures were below 3, indicating that the data
were normally distributed. The correlations among the mea-
sures are shown on Tables 5 and 6.

Measurement model

Working memory components Model 1 (Fig. 1) was a mea-
surement model of the WM components and word problem
solving. The central executive component was measured by
Conceptual Span, Auditory Digit Sequence, and Listening
Sentence Span. The phonological loop was measured by
Forward Digit Span, Word Span, and Phonetic Memory
Span. The visual-spatial sketchpad was measured by the
Visual Matrix and Mapping/Directions Span tasks. Word
problem solving was measured by the WISC, Keymath,
TOMA, and CMAT. The fit indexes indicated a good model
fit: x?(48)=67.057, p=.04; CFI1=.984; TLI=.978;
RMSEA =.031 (.008, .048); SRMR =.036. A good fit was
indicated because only four of the five criteria were met for
a significant chi-square value.

Model 2 (Fig. 2) was a path model that tested whether the WM
components and fluid intelligence significantly predicted word
problem-solving accuracy. The fit indexes indicated an excel-
lent fit for the model: X2(8O)=98.300, p=.08; CFI=.986;
TLI=.982; RMSEA =.024 (.000, .038); SRMR =.034. As is
shown in Fig. 2, the central executive, phonological loop, and
fluid intelligence were significant predictors of word problem
solving. The strongest predictor was the phonological loop
(6=.373). Fluid intelligence was also a significant predictor
(6=.321), and somewhat better predictor than the central ex-
ecutive (4=.257). Fluid intelligence was also significantly
correlated with all three WM components. It is important to
note that both the central executive and fluid intelligence
yielded unique variance, indicating that they are distinct con-
structs. The three WM components and fluid intelligence

accounted for 57% of the variance in word problem-solving
accuracy. Because the measures for the visual-spatial
sketchpad and fluid intelligence relied on a visual problem-
solving process, the inclusion of fluid intelligence in Model 2
partialed out the influence of the visual-spatial sketchpad on
word problem-solving accuracy we had found in Model 1.

Mediation models Next, potential mediators were added to
the model. Consistent with the general practice of structural
equation modeling, we first examined whether all the con-
structs were conceptually and statistically distinct, via a con-
firmatory factor analysis. Thus, in addition to measures of the
WM components, fluid intelligence, and word problem solv-
ing, measures of speed, problem representation, planning,
reading, and calculations were added to the model. Speed
was measured by Rapid Digit Naming and Rapid Letter
Naming. Problem representation was measured by the ques-
tion, number, and goal components. Problem planning was
measured by the operation and algorithm components.
Reading was measured by the Comprehension subtest of the
TORC. Calculation was measured by WIAT, WRAT, and
CBM. A confirmatory factor analysis was computed, and
the loadings are reported in Table 2. The fit indexes indicated
a good model fit: x*(279)=335.396, p=.01; CFI=.984;
TLI=.980; RMSEA =.022 (.011, .030); SRMR=.035. The
results suggested that the constructs were statistically distinct.
All factor loadings were above .40, except that for Phonetic
Memory Span (G=.33; see Table 2).

Model 3 (Fig. 3) was a path model that assessed the indirect
effects of speed, representation, planning, reading, and calcu-
lation between components of WM and problem solving. The
model did not include direct paths from the WM components
to word problem solving. Table 3 shows the significant stan-
dardized coefficients when the components of WM and fluid
intelligence were regressed mediation variables. As is further
shown in Fig. 3, significant paths occurred from the central
executive to measures of speed, representation, planning, and
reading. Significant paths from fluid intelligence occurred for
representation, planning, reading, and calculation (i.e., nam-
ing speed is not among the significant results). The phonolog-
ical loop predicted only reading. The visual-spatial sketchpad
did not predict any of the mediators.

As is shown in Table 4, naming speed, representation, plan-
ning, reading, and calculation yielded significant paths to word
problem-solving accuracy. Reading and calculation were the
strongest direct predictors of word problem solving (Gs=.73
and .40, respectively). The results of the Sobel tests for each
significant moderator are also reported in Table 4. Of all six sig-
nificant mediated relationships, reading yielded the strongest
path predicting word problem solving (5=.23). The fit indices
for this model were excellent for four of the five criteria for which
chi-square was significant: x*(289)=380.964, p<.001;
CFI=.974; TLI=.969; RMSEA =.028 (.020, .035);

@ Springer



[o o]

12

Mem Cogn (2017) 45:804-823

0
T
£

.
&

)

s 0.650"
oeAY
| o007
0.641*
=
=3
Matrix 0520+
0829

Mapping

&

g
< -

2

O]

Fig. 1 Working memory path model. x*(48) = 67.057, p=.04; CFI=.984, TLI=.978, RMSEA = .031 (.008, .048), SRMR =.036

SRMR =.041. All of the mediated relationships between WM
components and word problem solving accounted for 87% of the
variance in word problem solving, as compared to the earlier
models, which had accounted for only 57% of that variance.

To test the hypothesis that components of WM contribute
direct paths to word problem solving, two alternatives to
Model 3 were tested. Model 4 added to Model 3 direct paths
from the three WM components to word problem solving
(Fig. 4). As is shown, the three paths were nonsignificant,
although the phonological loop approached significance
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(p=.006). Likewise, the direct path between fluid intelligence
and word problem solving was nonsignificant.

A second alternative model (Model 5) determined whether
direct paths between the WM components and word problem
solving were significant if fluid intelligence was entered as a
mediating variable. The previous models had shown the
unique contributions of fluid intelligence when compared to
WM components, whereas the final model directly tested
whether fluid intelligence and WM share similar processes.
Thus, the alternative model was fitted by including the direct

0 Y

0.585+
07

Mapping

Raven A 0 ¢73‘

Raven AB Fluid

00 00 HE0 6

Raven B

Fig. 2 Working memory path model. x*(80) =98.300, p=.08; CFI=.986, TLI=.982, RMSEA =.024 (.000, .038), SRMR =.034
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Table 2  Standardized factor loadings for mediation model
Latent Variable Indicator Standardized
Factor Loading

Central Executive .582 (.046)"™"
653 (.045)"""
641 (.044)™
733 (.048)"
617 (.047)"
331 (.054)""

666 (.119)™

Conceptual Span
Auditory Digit Seq
Listening Sentence
Phonological Loop Digit Forward
Word Span
Phonetic Memory

Visual-Spatial Visual Matrix

Mapping & Direction 646 (116)™"
Fluid Intelligence Raven A 458 (.052)"
Raven AB .564 (.052)""
Raven B 421 (.053)"
Speed Rapid Digit Naming .890 (.031)""
Rapid Letter Naming 872 (.031)"
Representation Question 622 (.041)™
Number .548 (.044)""
Goal 706 (.037)""
Planning Operation 795 (.037)"
Algorithm 752 (.038)""
Reading TORC 710 (03D
WRAT-Read 712 (03D
Calculation WIAT .864 (.019)""
WRAT .866 (.018)"""
CBM 705 (.029)"""
Problem Solving WISC 706 (.028)"""
Keymath 786 (.023)""
TOMA 646 (.032)""
CMAT 825 (021"

Standard errors are in parentheses. “ p<.05, " p<.01, ™ p<.001

paths from the three WM components to word problem solv-
ing (as in the previous alternative model), but removing the
direct path from fluid intelligence to word problem solving
(Fig. 5). In this model, significant paths emerged between
the phonological loop and visual-spatial sketchpad and word
problem solving. The chi-square, x*(287)=368.396, was
slightly higher than for the previous model. However, the
values of CFI=0.977 and TLI=0.972 were comparable.
Slightly better estimates occurred for RMSEA (0.026 [.017,
.034]). This second alternative model indicated a significant
direct effect for the phonological loop (p=.002) as well as for
the visual—spatial sketch pad (p=.02) to word problem solv-
ing. The magnitude of the beta weight was larger for the pho-
nological loop (3=.20) than for the visual-spatial sketch pad
(8=.11). Thus, we concluded that fluid intelligence, along
with other processes, mediated the contribution of the execu-
tive system to word problem solving.

Given that all three mediation models fit the data, which
one provided the better model? To answer this question, AIC

and BIC values were computed for each model. The AIC
values were 45,095.57, 45,088.67, and 45,087.002, and the
BIC values were 45,562.29, 45,567.46, and 45,561.78 for
Models 3, 4, and 5, respectively. For both indices, the smallest
values occurred for Model 5, which removed fluid intelligence
as an independent variable and entered it as a mediating var-
iable to word problem solving. However, the fits for all three
models were good, and the differences in AIC and BIC values
(especially between Models 4 and 5) were minuscule. Thus,
no model was a clear winner in terms of whether fluid intelli-
gence is best viewed as confounding or mediating WM per-
formance. However, it is important to note that no significant
direct path was found between fluid intelligence and problem
solving (Models 3 and 4), and that when we removed this
direct path of fluid intelligence (Model 5), significant direct
paths related to WM storage and word problem solving
emerged. Thus, because fluid intelligence changed the
strengths of the relationships between WM components and
word problem solving in Model 5 as compared to Model 4, we
assume that fluid intelligence can be viewed as a moderator
between measures of WM and word problem solving (see
MacKinnon, 2008, p. 11, for discussion). The significant path
related to the phonological loop that emerged in Model 5
aligns with those of Colom, Abad, et al. (2005), who argued
that the contribution of WM to higher-order processing is the
storage component. Our results suggest that storage (i.e.,
short-term memory) is a significant predictor of math
problem-solving performance in children.

Discussion

The purpose of this study was to address the question of
whether the direct effects of WM components (central execu-
tive, phonological loop, and visual-spatial sketchpad) on
word problem-solving accuracy are completely mediated by
reading, calculation, and fluid intelligence. Several studies
have shown, by entering these aptitude variables into a regres-
sion model for this particular age group, that the influence of
WM on problem-solving accuracy was eliminated. Other
studies have shown this not to be the case. Thus, the present
study addressed these conflicting findings by comparing out-
comes related to nonmediation and mediation models. The
results show that the storage component of WM maintains a
direct influence on problem-solving accuracy, even in a fully
mediated model. These findings will now be placed within the
context of the questions that directed this study.

1. Is there a direct relationship between components of
WM and word problem solving when the mediating role
reading, calculation, and fluid intelligence are included in
the analysis?

@ Springer



814

Mem Cogn (2017) 45:804-823

316

Flud Intefligence

Reading

Calculation

Fig. 3 Mediation path model. x*(289) =380.964, p <.001; CFI=.974, TLI=.969, RMSEA =.028 (.020, .035), SRMR =.041

We did find a direct relationship between WM and
problem-solving accuracy in the fully mediated model.
These results are consistent with previous research that
showed phonological loop is important when it comes to math
(Furst & Hitch, 2000; Noél et al., 2001). These previous stud-
ies showed that children’s calculation performance suffers
when interference of the phonological loop is introduced in
experiments (e.g., reciting alphabet while solving problems)
suggesting that encoding and rehearsal of operands and men-
tal calculation are disrupted (Furst & Hitch, 2000; Noé€l et al.,
2001). The importance of the phonological loop is magnified
when it comes to word problem solving, because solving word
problems involve another aspect of the phonological loop,
language/text processing (Baddeley, 2012; Baddeley et al.,
1998; Gathercole, 1998), which is an important first step in
understanding the word problem.

These results also highlight the importance of fluid intelli-
gence in word problem solving; although WM components
are important when it comes to word problem solving, fluid
intelligence is also an important factor. This can be seen more
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easily when one compares the total variances accounted for in
the models with and without fluid intelligence. Without fluid
intelligence, the three WM components accounted for 48% of
the variance in word problem solving (Model 1). With fluid
intelligence (Model 2), the model accounted for 57% of the
variance. These results are in line with researchers who have
suggested that WM and fluid intelligence are distinct concepts
(Alloway, 2009; Alloway & Alloway, 2010).

As was shown when comparing Models 4 and 5, fluid
intelligence mediates whether individual differences in visu-
al-spatial WM play an important role in predicting word prob-
lem solving. This finding is consistent with those of other
studies (Gathercole & Pickering, 2000; Holmes & Adams,
2006; Rasmussen & Bisanz, 2005) that have shown the visu-
al-spatial sketchpad to be important to math performance be-
cause it is responsible for the processing of visual and spatial
information, such as mathematical symbols, equations, phys-
ical shapes, color, and movement (Baddeley, 2012; Baddeley
& Logie, 1999). In this study, the visual-spatial sketchpad
became a significant predictor when the direct path between
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Table3  Standardized path coefficients for the mediation model (Model

3)
Variable Regressed On Standardized
Coefficient
Central Executive Speed 274
Representation 2717
Planning 288"
Reading 197"
Calculation 1427
Phonological Speed .035
Loop Representation 167"
Planning .002
Reading 316
Calculation .046
Visual-Spatial Speed -115
Representation .050
Planning .044
Reading —-.044
Calculation .044
Fluid Intelligence Speed 156
Representation 360"
Planning 3577
Reading 597
Calculation 503"
Problem -.191
solving .
Speed Reading —400
Calculation -333"
Fluid Intelligence Problem —-.191
solving o
Speed .303
Representation 346"
Planning -174"
Reading 32"
Calculation 403"

"p<.05, " p<.01, " p<.001, " p<.10

fluid intelligence and word problem solving was removed
from the model. These findings suggest that assessments of
fluid intelligence (Colored Progressive Matrices) and the vi-
sual-spatial sketchpad (Visual Matrix and Mapping &
Direction) essentially measure processes that share a common
storage system. The inclusion of fluid intelligence took away
variance from the visual-spatial sketchpad.

2. Do other processes, besides those related to reading and
calculation skills, uniquely mediate the relationship be-
tween the components of WM and word problem solving?

Before answering this question, it is important to note that
reading was the strongest among all of the mediators between
the components of WM and word problem solving. Reading
mediated the relationship between the phonological loop and
word problem solving (3=.23), and was stronger than medi-
ation from the central executive and speed (3=-.08). This
result, in combination with the strong direct relationship be-
tween reading and word problem solving (5=.73), suggests
that language processing (the responsibility of the phonolog-
ical loop) and understanding the story (reading comprehen-
sion) are important for solving word problems.

Interestingly, the results also indicated that reading is more
important than calculation (6=.73 vs. 3=.40) in predicting
word problem solving, lending more evidence that under-
standing the story problem is the first step in solving word
problems, followed by the actual calculations. If one does
not understand the story, it is more difficult to extract the
mathematical information from word problems to put into
the equations and solve them.

The results related to other mediating variables beyond
reading, calculation, and fluid intelligence are as follows.
First, knowledge of word problem representation (ques-
tion, number, and goal), but not planning (operation and
algorithm), had a direct relationship with word problem
solving. This extended the research of Zheng et al. (2011)
by separating the representation and planning components.
The results suggest that in addition to understanding the

Table 4  Significant standardized effects for mediators from mediated model (Model 3) between components of working memory and word problem

solving

Mediated Paths Standardized Sobel Test
Coefficient (SE)

Central Executive — Speed — Problem Solving —.083 (.036)" —2.277 (p=.023)

Central Executive — Speed — Reading — Problem Solving 080 (.034)" 2.335 (p=.020)

Central Executive — Speed — Calculation — Problem Solving 037 (.014)" 2.626 (p=.009)

Central Executive — Representation — Problem Solving .094 (.038)* 2433 (p=.015)

Central Executive — Reading — Problem Solving 144 (.053)" 2713 (p=.007)

Phonological Loop — Reading — Problem Solving

231 (.065)"

3.570 (p<.0001)

"p<.05, " p<.01,"" p<.001
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Fig. 4 Alternative model with direct paths from working memory to word problem solving. x*(286) =368.067, p<.001; CFI=.977, TLI=.972,

RMSEA =.026 (.018, .034), SRMR =.040

word problem (i.e., reading comprehension), an additional
step may be required before the actual calculations. Simply
understanding the story problem is not enough; children
need to be able to identify and extract the mathematical
information from the story.

Second, the significant direct relationship between
speed and word problem solving is worth noting. This
finding is consistent with studies that found speed to be
an important predictor of math performance (Berg, 2008;
Geary, 2011; Swanson & Kim, 2007). In addition to
predicting word problem solving, and similar to previous
studies (Cirino, 2011; de Jong & van der Leij, 1999;
Hecht, Torgesen, Wagner, & Rashotte, 2001; Lepola
et al., 2005; Schatschneider et al., 2004), this study also
found that speed was a significant predictor of the basic
reading and calculation that is required for solving word
problems. Overall, these direct relationships (speed/read-
ing/calculation — word problem solving, and speed —
reading/calculation) suggest that speed plays an important
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role in both basic skills (reading comprehension and cal-
culation) as well as higher skills that integrates both.
Taken together, the major theoretical contribution of
our findings was that the storage component of WM (es-
pecially the phonological loop) sustained a direct effect
on word problem solving in the full mediated model. We
assumed that the executive component of WM was essen-
tial for the mental activities basic to children’s word prob-
lem solving, but their effects were completely mediated in
the full model. Our results are consistent with findings
suggesting that short-term memory eliminates the predic-
tive contribution of executive WM to various measures
(Colom, Rebollo, Abad, & Shih, 2006; Shahabi, Abad,
& Colom, 2014). In addition, simple short-term storage
has been found to have a significant role in accounting
for the relationship between WM and several cognitive
abilities (Colom, Abad, et al., 2005). Our results suggest
that even when individual differences in reading and re-
lated processes are taken into consideration, individual
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Fig. 5 Alternative model with direct paths from working memory to word problem solving, and no direct path from fluid intelligence to word problem
solving. x*(287)=368.396, p<.001; CFI=.977, TLI=.972, RMSEA =.026 (.017, .034), SRMR =.040

differences in word problem solving are primarily depen-
dent on the phonological loop, and the executive system
of WM plays an indirect role.

Our findings are consistent with others studies with
elementary age children showing that reading-related
skills (e.g., phonological processing, naming speed) and
math performance (e.g., numerical abilities) with elemen-
tary school children (Fuchs et al., 2006; Passolunghi,
Lanfranchi, Altoeé, & Sollazzo, 2015; Szucs, Devine,
Soltesz, Nobes, & Gabriel, 2014). Consistent with
Passolunghi et al. 2015; (Passolunghi, Vercelloni, &
Schadee, 2007) we found that an indirect effect of fluid
intelligence (nonverbal in this case) on math abilities.
Likewise, consistent with our findings, Passoulunghi
et al. (2015; Passolunghi et al., 2007) found that WM
and phonological abilities have an indirect relationship
with fluid (nonverbal) intelligence. Although our studies
vary from these studies in terms of age and methodology,
the findings support a network view (Szucs et al. 2014) in

which cognitive abilities such as reading, naming speed,
and WM sustain math performance over and above more
domain-specific abilities (e.g., calculation).

As we indicated in the introduction, not all studies
have found a direct relationship between WM and prob-
lem solving. Thus, why did we find a direct relationship?
There are at least two reasons why our findings might
not coincide with others’. First, the majority of the stud-
ies we reviewed relied on a single task to tap various
components of WM. Thus, in contrast to our findings,
these studies were limited because they focused on a
single task’s variance rather than on latent factors.
Second, of those studies with multiple measures de-
signed to capture the components of WM and its influ-
ence on problem-solving accuracy, few have established
the construct validity of the WM components (via con-
firmatory factor analysis) with the sample underlying the
study. With those caveats in mind, we now consider
three studies that have application to our findings (see
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Swanson & Fung, 2016, for further review of these
studies).

First, Fuchs et al. (2006) studied the cognitive correlates of
arithmetic computation and arithmetic word problems in third
graders (N=312). Although WM initially predicted solution
accuracy when sight word efficiency was removed from the
modeling, the results suggest that other academic skills and
cognitive factors capture the role of WM and supersede it with
regard to predicting solution accuracy. The findings some
ways, matched our findings, except that we did not find that
reading completely mediated the influence of WM on
problem-solving accuracy. In a later study, Fuchs et al.
(2012) administered a battery of nonverbal reasoning, lan-
guage, attention behavior, WM, phonological processing,
and processing speed measures as well as calculation mea-
sures to children in the second and third grade. In this study,
predictions were made to word problem-solving performance.
Although they found that nonverbal reasoning (fluid intelli-
gence) and oral language were related to math problem solv-
ing, no significant direct effects were found for the WM mea-
sures. However, this study only used counting recall and
listening recall to assess WM. The authors do suggest,
however, that the absence of a direct and indirect effect of
WM were related to the mediating effects of arithmetic and
pattern recognition. In contrast, although we also find that
calculation plays a significant role in mediation, the latent
measure of reading plays a substantially larger role. In
addition, we did not find that measures of calculation
completely mediated the effects of WM on solution accuracy.

In a recent study, Cowan and Powell (2014) administered a
battery of domain-general and domain-specific measures to
258 third graders. The dependent measure of arithmetic word
problem-solving accuracy was a single measure taken from
the Wechsler Individual Achievement Test. The phonological
loop and the executive system of WM were measured by word
recall and listening recall, respectively. The assessment of the
visual-spatial sketchpad included measures that focused on
block recall and maze memory. The authors found that the
executive WM system, reasoning (fluid intelligence), and oral
language (receptive vocabulary and grammar) contributed
unique variance of problem-solving accuracy. Their findings
related to the direct effects of WM coincide with ours, but a
failure to enter reading skills into their analysis would possibly
eliminate the direct contribution of the executive component
to problem-solving accuracy.

Limitations

Our study has several limitations, of which we focus here on
two. First, because the majority of the children in the sample
were age 8, itwas not possible to include age as a covariate in the
models. It is possible that age may influence the effects of the
three WM components and speed, because developmentally,
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young children’s WM capacity and speed is still increasing at
arapid rate as they age. Furthermore, since math and reading are
learned systematically throughout school, and our sample in-
cluded children between the ages of 6 and 10, it is possible that
WM capacity, speed, and math and reading skills could be in-
fluenced by age. This, in turn, may affect the interpretation of
the final models. Itis important to note that 75% ofthe sample in
this study were 8 years old, 15% were 7 years old, 8.71% were 9
years old, and fewer than 1% were in each of the other age
categories (0.24% were 6 years old; 0.72% were 10 years old).
Dueto the small sample size ofthe other ages, it was not possible
to include age as a covariate in the models.

Second, although this study revealed that reading and
the phonological loop have the strongest relationships
with word problem solving, it is possible that these rela-
tionships would differ for older children (e.g., high
school). At upper grades, the math required to solve word
problems is more difficult, and thus calculation and plan-
ning (i.e., knowledge of operations and algorithms) may
have strong relationships with word problem solving.
Future studies should examine this possibility in a longi-
tudinal framework, examining changes in the relation-
ships between WM, basic reading/calculation skills, and
word problem solving.

Summary

In summary, only the storage component of WM directly
predicted problem-solving accuracy in the fully mediated
model. The direct effect of the executive component of
WM was completely mediated by measures of reading,
calculation, and fluid intelligence. These results challenge
the notion that basic skills and fluid intelligence
completely mediate the influence of WM on higher levels
of processing, but also challenge the notion that the exec-
utive component plays the major role in higher-order
processing.
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to the Academy for Academic Excellence/Lewis Center for Educational
Research (Corwin and Norton Campuses), Santa Barbara, and Goleta
School District. Special appreciation is given to Chip Kling, Sandra
Briney, Amber Moran, Mike Gerber, and Jan Gustafson-Corea. The re-
port does not necessarily reflect the views of the U.S. Department of
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Appendices.

Table 5  Estimated correlations for working memory model (Model 2)

1 2 3 4 5 6 7 8 9 10 11 12 13 14
1. Concept —
2. Address 418 —
3. Listen 355 420 —
4. Digit 159 126 183 —
5. Word 118 151 174 455 —
6. Phonetic 261 156 174 258 .176 —
7. Matrix .009 —.008 —-.021 —-.031 .048 -.022 —
8. Mapping 113 .101 .093 .096 .046 .063 430 —
9. RavenA .037 .068 .105 .163 115 .081 .071 118 —
10. RavenAB 114 136 .198 11 .149 .094 .159 162 332 —
11. RavenB .043 110 .090 135 .054 .026 114 119 167 .308 —
12. WISC .190 248 .300 .350 332 152 .109 139 .169 247 169 —
13. KeyMath 230 214 .307 321 303 117 .160 .220 269 .280 251 558 —
14. TOMA 217 254 237 219 200 124 .109 159 215 258 162 409 477 —
15. CMAT 262 225 322 337 342 139 .096 175 205 271 273 .584 .694 S12

Concept = Conceptual Span, Address=Auditory Digit Sequence, Listen = Listening Sentence, Digit=Forward Digit Span, Word = Word Span,
Phonetic = Phonetic Memory Span, Matrix = Visual Matrix, Mapping = Mapping & Directions, Raven A/AB/B = Colored Progressive Matrices
Subtests A/AB/B, WISC = Wechsler Intelligence Scale for Children, TOMA = Test of Mathematical Abilities, CMAT = Comprehensive Mathematical
Abilities Test

@ Springer
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