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Abstract
Contributions of domain-general and domain-specific numerical competencies were assessed on
1st graders’ number combination skill (NC) and word problem skill (WP). Students (n=205)
between 5–7 years of age were assessed on 2 aspects of numerosity, 8 domain-general abilities,
NC, and WP. Both aspects of numerosity predicted NC when controlling for domain-general
abilities, but domain-general abilities did not account for significant additional variance. By
contrast, when controlling for domain-general abilities in predicting WP, only precise
representation of small quantities was uniquely predictive, and domain-general measures
accounted for significant additional variance; central executive component of working memory
and concept formation were uniquely predictive. Results suggest that development of NC and WP
depends on different constellations of numerical versus more general cognitive abilities.

In an analysis of six large-scale longitudinal studies, Duncan et al. (2008) demonstrated that
mathematical competence at school entry predicts mathematics achievement throughout the
elementary-school years, above and beyond general cognitive ability, classroom attention,
social skills, or socioeconomic background. In fact, performance on early mathematical
achievement tests was by far the single best predictor of later mathematics achievement.
They suggested “it may be beneficial to add domain-specific early skills to the definition of
school readiness” (Duncan et al., p. 1429), but their analysis did not allow for the assessment
of which specific mathematical competencies may be the best target for such programs.
Candidates center on children’s early number sense, including the ability to quickly
apprehend the quantities of small sets of items, use counting to determine quantity, estimate
the value of large quantities, and intuitively understand the effects of addition and
subtraction on quantity (National Mathematics Advisory Panel, 2008).
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At the same time, Duncan et al. (2008) showed that classroom attention, a domain-general
factor, also predicts later mathematics achievement, above and beyond early mathematical
competence. Other studies have revealed that general cognitive ability is also a strong
predictor of achievement across academic domains (e.g., Walberg, 1984). General cognitive
ability includes working memory capacity, speed of information processing, and logical
reasoning (Embretson, 1995; Engle, Tuholski, Laughlin, & Conway, 1999; Kail, 1991),
although the relative importance of these domain-general abilities is debated (e.g.,
Ackerman, Beier, & Boyle, 2005).

In the present study, we focused on the relation between two measures of children’s early
number sense as well as domain-general cognitive and attentional measures with
performance on two critical mathematical abilities: fluency in solving arithmetic problems
(e.g., 5+7=12; 9−5=4), which are sometimes referred to as number combinations (NCs;
Baroody, 1985), and simple word problems (WPs) that require solution of NCs. By
assessing competencies in NC and WP, rather than using broad achievement measures, we
explored the relative importance of domain-specific versus domain-general abilities to each
of these core aspects of children’s early mathematical learning. If Duncan et al. (2008) are
correct, then measures of children’s number sense should predict NC and WP competence,
with domain-general measures accounting for relatively little additional variance. Such
findings would help to more firmly establish links between children’s informal (before
schooling) number sense and their emerging competencies in school-taught mathematics and
provide direction for the foci of school readiness programs.

The Domain-General Mechanisms
Of the domain-general mechanisms, working memory, classroom attention, and speed of
processing have all been show to predict NC performance (e.g., Bull & Johnston, 1997;
Fuchs et al., 2005; Hitch & McAuley, 1991), but none of the studies assessed these potential
mechanisms simultaneously with each other and with domain-specific measures of number
sense. Moreover, working memory itself constitutes multiple sub-competencies that may
influence NC development in different ways.

At the least, working memory comprises an attention-driven central executive, which
controls the representation and manipulation of information in two sub-systems that provide
short-term storage (Baddeley, 1986). The phonological loop stores auditory or phonological
information; the visuospatial sketchpad stores spatial and visual information such as shapes
and colors or the location or speed of objects in space. Correlational studies suggest the
central executive is critical for NC development, (e.g., Geary, Hoard, Byrd-Craven, Nugent,
& Numtee, 2007; Swanson & Sachse-Lee, 2001), but the subcomponents of the central
executive contributing to this performance, including attentional and inhibitory control, are
not well understood. Attentional control may be necessary to maintain the simultaneous
activation of problem stems and answers in working memory while counting solutions;
inhibitory control may be needed to prevent irrelevant associations from intruding into
working memory during problem solving (Barrouillet, Fayol, & Lathuliere, 1997; Engle et
al., 1999).

The phonological loop may contribute to the establishment of NCs in long-term memory,
because children must encode and maintain accurate phonological representations of
problem stems and answers in working memory as they count to solve problems (e.g., Logie
& Baddeley, 1987). Evidence on the link between phonological processing and NC skill is,
however, inconsistent (e.g., Fuchs et al., 2005; Hecht, Torgesen, Wagner, & Rashotte, 2001;
Swanson & Beebe-Frankenberger, 2004). Attentive behavior in the classroom can also
influence NC skill (Fuchs et al., 2005; Fuchs et al., 2006), but the relation between this type
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of attention and the attentional and inhibitory control components of the central executive
are not well understood.

The search for the mechanisms underlying NC skill is further complicated by the relation
between working memory and speed of processing (the efficiency with which simple tasks
are executed; Case, 1985). Bull and Johnston (1997) found that behavioral measurement of
processing speed was the best predictor of NC skill among 7-year olds, subsuming all the
variance accounted for by long- and short-term memory, even with reading skill controlled.
Hecht et al. (2001) provided corroborating data while controlling for oral vocabulary, and
profile analysis (Fuchs, Fuchs, Stuebing et al., 2008) showed that a behavioral measure of
processing speed distinguishes third graders with specific NC deficits from those with WP
deficits. However, it is not known whether individual differences in working memory are
driven by more fundamental differences in speed of processing (Kail, 1991) or whether the
attentional focus associated with the central executive speeds information processing (Engle
et al., 1999).

Working memory is also related to WP performance but the contributions of the different
components of working memory are not fully understood (e.g., Hitch & McAuley, 1991;
Swanson & Sachse-Lee, 2001). Moreover, as noted, performance on working memory
measures is correlated with logical reasoning, but processes are distinct to each (Embretson,
1995). General reasoning ability predicts third graders’ WP performance even after
controlling for working memory (Fuchs et al., 2005; Fuchs et al., 2006; Swanson & Sachse-
Lee, 2001). Finally, we must consider oral language comprehension as a contributor to WP
skill, above and beyond the contributions of the phonological loop. Jordan, Levine, and
Huttenlocher (1995) demonstrated that kindergarten and first-grade children with oral
language impairment perform lower than unimpaired peers on WPs. Fuchs et al. (2006)
showed the relation between language and WP skill at third grade while controlling for a
variety of other variables, and profile analysis (Fuchs, Fuchs, Stuebing et al., 2008) revealed
that oral language comprehension distinguishes third graders with WP deficits versus those
with specific calculation deficits.

The Domain-Specific Mechanisms
In addition to general cognitive abilities, which apply across academic domains, children
may have specialized numerical representations and competence in numerical processing
(e.g., Baroody, Bajwa, & Eiland, 2009; Feigenson, Dehaene, & Spelke, 2004). Cognitive
(Gilmore, McCarthy, & Spelke, 2007), neuropsychological (Domahs & Delozier, 2005), and
brain-imaging (Cantlon, Platt, & Brannon, 2009) studies indicate that number sense
mechanisms support children’s early learning of school-taught mathematics. As per
Feigenson et al. (2004), two core systems, one for exact representation of small quantities
and one for approximating larger quantities, may be involved in representing numerical
value, although controversy exists about whether these systems are supported by distinct
cognitive and brain mechanisms (e.g., Cantlon et al.; Gallistel & Gelman, 1992; Mix,
Huttenlocher, & Levine, 2002; vanMarle & Wynn, 2009). Whether the underlying
mechanisms are cognitively or neurally distinct, they are functionally so; people of any age
can rapidly distinguish the quantities of sets of less than four objects but must count or
approximate the values of larger sets and Arabic numerals.

The hypothesized first system supports analog representations of approximate numerical
magnitudes (Gallistel & Gelman, 1992; Xu, 2003) and can be assessed based on children’s
placement of numerals on a number line (e.g., Siegler & Booth, 2004). Making placements
on a number line, which are based on the use of this approximate magnitude system, results
in a pattern that conforms to the natural logarithm (Ln) of the numbers (Feigenson et al.,
2004; Gallistel & Gelman, 1992; Siegler & Opfer, 2003). In other words, use of this
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representational system results in placements that are compressed for larger magnitudes such
that the perceived distance between 52 and 53 is smaller than the perceived distance
between 2 and 3. With schooling children learn to make placements that conform to the
mathematical number line; that is, their placements suggest they understand that the
difference between two consecutive numbers is identical regardless of position on the line.

The second hypothesized system enables precise representations of small quantities, the fast
apprehension of which is termed subitizing (Mandler & Shebo, 1982). With a verbal
subitizing task, which involved name identity, Koontz and Berch (1996) asked third and
fourth graders with and without a mathematical learning difficulty to determine if
combinations of Arabic numerals (e.g., 3-2), number sets (e.g., ■■-■■), or numerals and sets
were the same (e.g., 2-■■) or different (e.g. 3-■■). Reaction times for children without
mathematics difficulty indicated fast access to representations for quantities of two and
three, regardless of whether the code was an Arabic numerical or number set. Children with
mathematics difficulty showed fast access to numerosity representations for the quantity of
two, but appeared to rely on counting to determine quantities of three. Geary et al. (2007;
Geary, Bailey, & Hoard, 2009) developed the Number Sets Test to assess related, basic
numerical fluency. Children are asked to combine pairs or triplets of Arabic numerals (e.g.,
3 4) or sets of objects (e.g., ●● ■■■) and quickly determine if they match a target number
(e.g., 5). Verbal subitizing can contribute to fluency if the quantity of small sets of objects is
apprehended and then added together (e.g., ●● ■■■ = 5; Geary & Lin, 1998). Children with
mathematics difficulty perform poorly on this task compared to peers, independent of
general cognitive ability, but performance may be mediated by visuospatial working
memory (Geary et al., 2008).

Purpose of the Present Study
In the present study, we assessed the relative contributions of domain-general working
memory, attentional, language, and reasoning abilities and domain-specific numerical
competencies on individual differences in first graders’ NC and WP performance. We had
three goals. The first was to determine if measures of the approximate and exact number
representation systems directly affect NC skill when controlling for domain-general abilities.
Evidence for one or the other numerosity measure would support Duncan et al.’s (2008)
suggestion that domain-specific competence may be important for children’s early
mathematical learning. Such a finding would also provide much needed information on
where to target early interventions for children at risk for poor outcomes in mathematics
(e.g., Siegler & Ramani, 2008). Our second goal was to determine how much of the variance
in domain-general abilities and numerosity variables represents unique versus shared
variance in explaining NC skill. Finding that domain-general abilities uniquely account for
much of the variance would suggest that children’s early mathematics learning is supported
by the same mechanisms that support learning in other domains; finding that the numerosity
variables uniquely account for much of the variance would substantiate a domain-specific
perspective. By contrast, finding that a substantial amount of the variance is shared would
suggest the viability of a combined perspective. Our third goal was to address the same
issues as in our first two goals but applied to WPs that require solutions to NCs. These
analyses assess whether domain-general or domain-specific relations found for NCs
generalize to mathematics content beyond NC skill.

Method
Participants

As part of a prospective 4-year study of the development of NC skill beginning in first
grade, data for the present study were collected with the first-year sample at the first
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assessment wave, when we sampled children from 52 first-grade classrooms in nine Title 1
schools and two non-Title 1 schools (2–9 teachers per school) in a southeastern metropolitan
school district. From 898 students in these classrooms, we secured consent on 580 (64.6%),
who were then screened for inclusion using a 2-step process. Step 1 involved whole-class
screening on the First-Grade Test of Computational Fluency and the First-Grade Test of
Mathematics Concepts and Applications (Fuchs, Hamlett, & Hamlett, 1990; see Measures).
Teachers first used scripts to administer two practice alternate forms of each measure. Prior
to actual screening, teachers returned the unscored practice tests to project staff. Screening
occurred with one additional alternate form of each measure. In Step 2, all students who
were present on the day of whole-class screening (n = 507) were tested individually on
measures of early reading: Rapid Letter Naming (Fuchs et al., 2001) and Word Identification
Fluency (Fuchs, Fuchs, & Compton, 2004; see Measures). We indexed early reading for
screening because evidence indicates that students with concurrent difficulty with
mathematics and reading may experience more severe difficulty with NCs (e.g., Hanich,
Jordan, Kaplan, & Dick, 2001).

Using mixture analysis that combined the four screening scores into a latent variable, we
created high, average, and at-risk strata. We combined the high and low strata into a single
“not at risk” group. We then applied the following exclusions. First, we excluded 73
students whose mathematics performance was inconsistent with their overall risk status (i.e.,
at-risk students with high mathematics scores and not-at-risk students with low mathematics
scores). Second, we excluded 121 students whose teachers identified them as not speaking
English. Third, we administered the 2-subtest Wechsler Abbreviated Intelligence Scale
(WASI; Wechsler, 1999) and excluded seven students with standard scores below 80 on
both subtests (i.e., our goal was not to study mental retardation).

From the remaining 306 students, we randomly sampled 240 students, purposely stratifying
by the at-risk and not-at-risk strata and ensuring that no more than eight students came from
the same classroom. The present sample comprises the 205 students on whom we had
complete data on the study variables. These students had mean standard scores in the normal
range on the Reading subtest of the Wide Range Achievement Test–3 (WRAT, Wilkinson,
1993), 105.12 (SD = 15.35); WRAT-Arithmetic, 96.63 (SD = 14.63); KeyMath-Revised
(Connolly, 1998)-Numeration, 102.80 (SD = 11.29); KeyMath Revised-Addition, 99.90 (SD
= 10.46); KeyMath Revised-Subtraction, 97.30 (SD = 11.97); and WASI IQ, 92.70 (SD =
13.31). Of the 205 participants, 109 (53.2%) were boys; 161 (78.5%) received subsidized
lunch. Among the students, 112 (54.6%) were African American, 48 (23.4%) were European
American, 24 (11.7%) were Hispanic, and 21 (10.2%) were other. Students with a school-
identified disability comprised 4.8% of the sample.

Screening Measures to Constitute a Representative Sample
Mathematics screeners—Because these measures were used to screen overall
mathematics competence, they included problems with a range of difficulty to be sensitive
to the skills of low, average, and high performers.

The First-Grade Test of Computational Fluency (Fuchs et al., 1990) is a 1-page
testdisplaying 25 items that sample the range of problems typically found in the first-grade
computation curriculum: adding two single-digit numbers (9 items), subtracting two single-
digit numbers (10 items), adding three single-digit numbers (2 items), adding two 2-digit
numbers without regrouping (2 items), and subtracting a 1-digit number from a 2-digit
number (2 items). Students have 2 min to complete as many items as possible. The score is
the number of digits correct (starting from the right, credit is awarded if the correct numeral
is in the correct place so that 38+26=514 would earn 1 digit correct to reflect incorrect
regrouping). Staff entered responses into a computerized program on an item-by-item basis,
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with 15% of tests re-entered by an independent scorer. Data-entry agreement was 99.8%
(i.e., number of agreements divided by number of agreement plus disagreement). Coefficient
alpha was .97.

The First-Grade Test of Mathematics Concepts and Applications (Fuchs et al., 1990) is a 3-
page test with 25 items sampling the typical first-grade concepts/applications curriculum
(i.e., numeration, concepts, geometry, measurement, applied computation, money, charts/
graphs, WPs). For example, items require students to count arrays of items, write the
number after, identify smaller/larger quantities, read clocks, and identify operators within
number sentences. The tester reads the words in each item aloud. For 20 items, students
have 15 sec to respond; for the remaining 5 items, students have 30 sec. The score is the
number of correct answers. Staff entered responses into a computerized program on an item-
by-item basis, with 15% re-entered by an independent scorer. Data-entry agreement was
98.8%. Coefficient alpha was .93.

Reading—With Rapid Letter Naming (D. Fuchs et al., 2001), students are shown a page
with 52 letters (26 letters in upper and lowercase) displayed in random order and have 1 min
to say letter names. The score is the number of correct letters. If the child finishes before 1
min, the score is prorated. Two-week stability is .94 (D. Fuchs et al.). With Word
Identification Fluency (Fuchs et al., 2004), students have 1 min to read a list of 50 words
randomly sampled from a pool of 100 high-frequency pre-primer, primer, and 1st-grade
words. If a student completes reading before 1 min, the score is prorated. We administered
two alternate forms and averaged the scores. Alternate-form reliability/stability is .97, and
correlations with fall and spring Woodcock Reading Mastery Test-Word Identification
(Woodcock, 1998) are .77–.82.

Intelligence—WASI (Wechsler, 1999) measures generalized cognitive ability with
Vocabulary and Matrix Reasoning (see description below). Subtest scores are combined to
yield an Estimated Full Scale IQ score. Internal consistency reliability exceeds .92.

Domain-General Predictor Measures
Language—We used two tests of language. Woodcock Diagnostic Reading Battery
(WDRB) - Listening Comprehension (Woodcock, 1997) measures the ability to understand
sentences or passages. With 38 items, students supply the word missing at the end of each
sentence or passage. The test begins with simple verbal analogies and associations and
progresses to comprehension involving the ability to discern implications. Testing is
discontinued after six consecutive errors. The score is the number of correct responses.
Internal consistency reliability is .80 at ages 5–18; the correlation with the WJ-R is .73.
WASI Vocabulary (Wechsler, 1999) measures expressive vocabulary, verbal knowledge, and
foundation of information with 42 items. The first four items present pictures; the student
identifies the object in the picture. For the remaining items, the tester says a word that the
student defines. Responses are awarded a score of 0, 1, or 2 depending on quality. Testing is
discontinued after five consecutive scores of 0. The score is the total number of points. As
reported by Zhu (1999), split-half reliability is .86–.87 at ages 6–7; the correlation with the
WISC-III Full Scale IQ is .72.

Concept formation—Woodcock-Johnson Psycho-Educational Battery–Revised (WJ III)-
Concept Formation (Woodcock, McGrew, & Mather, 2001), 2001) asks students to identify
the rules for concepts when shown illustrations of instances and non-instances of the
concept. Examinees earn credit by correctly identifying the rule that governs each concept.
Cut-off points determine the ceiling. The score is the number of correct responses. As
reported by the test developer, internal consistency reliability is .93.
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Nonverbal problem solving—WASI Matrix Reasoning (Wechsler, 1999) measures
nonverbal reasoning with four types of tasks: pattern completion, classification, analogy,
and serial reasoning. The child looks at a matrix from which a section is missing and
complete it by saying the number of or pointing to one of five response options. Examinees
earn points by identifying the correct missing piece of the matrix. Testing is discontinued
after 4 errors on 5 consecutive items or 4 consecutive errors. The score is the number of
correct responses. Internal consistency reliability is .94; the correlation with the WISC-III
Full Scale IQ is .66.

Attentive behavior—The SWAN is an 18-item teacher rating scale (Swanson, 2004),
sampling items from the Diagnostic and Statistical Manual of Mental Disorders-IV (APA,
1994) criteria for Attention-Deficit/Hyperactivity Disorder for inattention (largely
distractibility) (items 1–9) and hyperactivity/impulsivity (items 10–18). Items are rated as
1=Far Below, 2=Below, 3=Slightly Below; 4=Average, 5=Slightly Above, 6=Above, 7=Far
Above. We report data for the attentive behavior subscale as the average rating across the
nine relevant items. We selected this subscale to operationalize attentive behavior, or the
ability to maintain focus of attention. The SWAN correlates well with other dimensional
assessments of behavior related to attention (www.adhd.net). Coefficient alpha in the
present study was .97.

Working memory—The Working Memory Test Battery for Children (WMTB-C;
Pickering & Gathercole, 2001) comprises nine subtests that assess the central executive,
phonological loop, and visuospatial sketchpad. Each subtest has six items at span levels
ranging from 1–6 to 1–9. Passing four items at a level moves the child to the next level. At
each span level, the number of items to be remembered increases by one. Failing three items
terminates the subtest. The order of subtests is designed to avoid over-taxing any one
component area of working memory and is generally arranged from easiest to hardest: Digit
Recall, Word List Matching, Word List Recall, Nonword List Recall, Block Recall, Mazes
Memory, Listening Recall, Counting Recall, and Backward Digit Recall. Each subtest
generates a span score and a trials correct score. From these, standard scores are derived for
the three component areas.

The central executive is assessed with three dual-task items. For Listening Recall, the child
determines if a sentence is true or false and then recalls the last word in a series of sentences.
For Counting Recall, the child counts a set of 4, 5, 6, or 7 dots on a card and then recalls the
number of counted dots at the end of a series of cards. Backward Digit Recall is a standard
format backward digit span.

The phonological loop comprises Digit Recall, Word List Recall, and Nonword List Recall,
which are standard span tasks. The child repeats stimuli spoken by the tester in the same
order. In Word List Matching, the tester presents a series of words, beginning with two
words and adding one word at each level. The same words, but possibly in a different order,
are then presented again, and the child determines if the second list is in the same order as
the first list.

The visuospatial sketchpad comprises two tasks. Block Recall is another span task, but the
stimuli consist of a board with nine raised blocks in what appears as a random arrangement.
The blocks have numbers on one side that only the tester can see. The tester taps a block (or
series of blocks), and the child duplicates the tapping in the same order. For Mazes Memory,
the tester presents a maze with more than one solution and a picture of an identical maze
with a path showing one solution. The picture is removed, and the child duplicates the path
in the response booklet. At each level, the complexity of the maze increases.
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Processing speed—WJ-III Visual Matching (Woodcock et al., 2001) asks examinees to
locate and circle two identical numbers in rows of six numbers; examinees have 3 min to
complete 60 rows and earn credit by correctly circling the matching numbers in each row.
As reported by the test developer, internal consistency reliability is .91.

Domain-Specific Measures of Numerosity
We indexed numerosity with Number Line Estimation, which provides an assessment of the
approximate magnitude system, and the Number Sets Test, which provides an assessment of
precise representation of precise small quantities and the ability to mentally combine these
representations (e.g., ●● ■■■ = 5).

Approximate numerical magnitudes—Following Siegler and Booth (2004), Number
Line Estimation asks students to estimate where numbers fall on a number line. Stimuli are
24–25-cm number lines, displayed across the center of a standard computer screen. Each
number line has a start point of 0 and an endpoint of 100 with a target number printed
approximately 5 cm above it in a large font (72 pt). Target numbers are 3, 4, 6, 8, 12, 17, 21,
23, 25, 29, 33, 39, 43, 48, 52, 57, 61, 64, 72, 79, 81, 84, 90, and 96. Stimuli are presented in
random order for each child. The tester first explains a number line that includes the 0 and
100 endpoints and is marked in increments of 10. After the tester judges that the child
recognizes the concept, a number line containing only the endpoints 0 and 100 is presented,
and the child points to where 50 should go. A model number line with the endpoints and the
location of 50 marked is then presented, and the child compares his/her response to the
model. The tester explains how “the number 50 is half of 100, so we put it halfway in
between 0 and 100 on the number line.” Next, the tester teaches the child to use the arrow
keys to place a red pointer on the line where 50 should fall on the computer screen. Then,
the measure is administered. For each item, the tester says, “If this is zero (pointing) and this
is 100 (pointing), where would you put N?” There is no time constraint. We used the
absolute value of the difference between the correct placement and the child’s placement
(i.e., estimation of accuracy), averaged across trials, which the computer automatically
calculates. This estimation accuracy score correlates with mathematics achievement (Geary
et al., 2007; Siegler & Booth), and as Siegler and Booth showed, the source of improvement
in estimation accuracy is increasing linearity of estimates. Cronbach’s alpha on this sample
was .91.

Precise representation of small quantities—The Number Sets Test (Geary et al.,
2009) assesses the speed and accuracy with which children understand and manipulate
small, exact numerosities, while handling those quantities and their Arabic code. Two types
of number-set stimuli are used: objects (circles, squares, diamonds, stars) in a 1/2″ square
and an Arabic numeral (18 pt font) in a 1/2″ square. Stimuli are joined in domino-like
rectangles. The two sides of the “domino” are Objects/Same Objects or Objects/Different
Objects or Arabic numerals/Arabic numerals or Objects/Arabic numerals. These dominos
are presented in lines of 5 across a page. The last two lines of the page show three 3-square
dominos. Target sums (5 or 9) are shown in larger font (36 pt) at the top the page; 5 and 9
were chosen because they represent smaller and larger values within the range of basic
Arabic numerals (i.e., 1 to 9). The first page for each target sum contains Objects/Same
Objects and Objects/Different Objects; the second page, Objects/Arabic Numerals and
Arabic Numerals/Arabic Numerals. On each page, 18 items match the target; 12 are larger
than the target; 6 are smaller than the target; and 6 contain 0 or an empty square. The tester
begins by explaining two items matching a target sum of 4; then, uses the target sum of 3 for
practice, with four lines of two dominos, one is a match and one is not. The measure is then
administered. The child is told to move across each line of the page from left to right
without skipping any; to “circle any groups that can be put together to make the top number,
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5 (9)”; and to “work as fast as you can without making many mistakes.” The child has 60
sec per page for the target sum 5; 90 sec per page for the target sum 9 (time limits chosen to
avoid ceiling effects and to assess fluent recognition of quantities). Signal detection methods
are applied to the number of hits and false alarms to generate a d′ variable that represents the
child’s sensitivity to quantities (Geary et al.; MacMillan, 2002). Children who correctly
identify many target quantities and commit few false alarms have high d′ scores. Children
who have as many hits as false alarms have low d′ scores, in which case the high number of
correct items is due to the child’s bias to respond, not sensitivity to quantity.

Mathematics Outcomes
Number combinations (NCs)—Math Fact Fluency (Fuchs, Hamlett, & Powell, 2003)
incorporates two subtests. Addition Fact Fluency comprises 25 addition fact problems with
sums from 5 to 12 (two items have an addend of 1; one item has an addend of zero).
Subtraction Fact Fluency comprises 25 subtraction fact problems with subtrahends from 5
to 12 (one item has a minuend of 1; one item has a minuend of zero). For each subtest,
students have 1 min to write the answers. The score is the number of correct answers across
both subtests. Percentage of agreement, calculated on 20% of protocols by two independent
scorers, was 97.3. Coefficient alpha on this sample was .94.

Word problems (WPs)—Following Jordan and Hanich (2000), Word Problems
comprises 14 brief WPs involving change, combine, compare, and equalize relationships.
The NCs embedded in the WPs are sums of 7, 8, or 9 or subtrahends of 6, 7, 8, or 9; there
are no addends or minuends of zero or one; and answers to the subtraction problems range
from 2 to 6. The tester reads each item aloud; students have 30 sec to respond and can ask
for re-reading(s) as needed. The score is the number of correct answers. A second scorer
independently re-scored 20% of protocols, with agreement of 99.7%. Coefficient alpha on
this sample was .84.

Procedure
We assessed students in the fall of first grade. In September, whole-class screening lasted 15
min; individual screening, 5 min. In September and October, we individually tested children
on the remaining measures in three 45- to 60-min sessions. Tests were administered by
trained examiners, each of whom had demonstrated 100% accuracy in following standard
test procedures during mock administrations. All individual sessions were audiotaped, and
15% of tapes, distributed equally across testers, were selected randomly for accuracy checks
by an independent scorer. Agreement was between 99.5 and 99.9%. In October, teachers
also completed the SWAN Rating Scale on each student.

Results
A principal components factor analysis across WDRB Listening Comprehension and WASI
Vocabulary yielded one factor; thus, we created a weighted composite language variable.
Each of the remaining constructs was assessed with one measure: for concept formation,
WJ-III Concept Formation; for nonverbal problem solving, WASI Matrix Reasoning; for
attentive behavior, SWAN; for working memory, the phonological loop, and the visuospatial
sketchpad, summary scores from the WMTB-C subtests; for processing speed, WJ-III Visual
Matching. The numerosity measures were Number Line Estimation and the Number Sets
Test. The two mathematics outcomes were NCs and WPs. In Table 1, we show raw and
standard score means and SDs, along with zero-order correlations.
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Predictors of Number Combination (NC) Skill
We contrasted two models in predicting individual differences in NC skill (see Table 2). In
Model 1-NC, we tested the effects of the two numerosity measures, entering Number Line
Estimation and the Number Sets Test simultaneously into the regression analysis. Each was
a significant predictor in the presence of the other. Overall, Number Line Estimation
(negative scores represent accurate placements) and the Number Sets Test (i.e., d′ score)
explained 65.6% of the variance in NC skill, F(2,202) = 192.75, p < .001. Partitioning this
variance revealed that 36.9% of the explained variance was shared between Number Line
Estimation and the Number Sets Test, 58.5% was unique to Number Sets Test, and 4.6%
was unique to Number Line Estimation.

Model 2-NC shows that each numerosity measure (Number Line Estimation and the
Number Sets Test) was a significant predictor of NC skill in the presence of the eight
domain-general abilities. The only domain-general ability that was a uniquely significant
predictor of NC skill was attentive behavior. Overall, the two numerosity measures and the
eight domain-general abilities explained 67.7% of the variance in NC skill; the addition of
the eight domain-general abilities did not significantly increase R2: 2.1% increase, F Change
(8,194) = 1.56, p = .141. Partitioning Model 2-NC variance between the numerosity
measures and the domain-general abilities revealed that 62.0% of the explained variance was
shared, 34.9% was unique to the numerosity measures, and 3.1% was unique to domain-
general abilities.

Predictors of Word-Problem (WP) Skill
We followed the same procedure in predicting individual differences in WP skill (see Table
3). In Model 1-WP, each numerosity measure (Number Line Estimation and the Number
Sets Test) was a significant predictor in the presence of the other. Together, Number Line
Estimation and the Number Sets Test explained 44.4% of the variance in WP skill, F(2,202)
= 80.66, p < .001. Partitioning this variance revealed that 38.7% of the explained variance
was shared between Number Line Estimation and the Number Sets Test, 55.2% was unique
to d′, and 6.1% was unique to Number Line Estimation.

In Model 2-WP, the Number Sets Test but not Number Line Estimation was a significant
predictor of WP skill in the presence of the eight domain-general abilities. The domain-
general abilities that were uniquely significant predictors of WP skill were the central
executive component of working memory and concept formation, with a trend for language
ability (p = .069). Overall, the numerosity measures and the eight domain-general abilities
explained 55.2% of the variance in WP skill, with the addition of the domain-general
abilities resulting in a substantial (10.8%) and significant increase in R2, F Change (8,194) =
5.82, p < .001. Partitioning Model 2-WP variance between the numerosity measures and the
domain-general abilities revealed that 68.3% of the explained variance was shared, 12.1%
was unique to the numerosity measures, and 19.6% was unique to domain-general abilities.

Discussion
We assessed the relative contributions of domain-general abilities and domain-specific
numerical competencies on individual differences in first graders’ NC and WP skill. We
focused first on NC skill because the National Mathematics Advisory Panel (2008) and the
National Council of Teachers of Mathematics (2006) identified NC fluency as a core
arithmetic skill, and because attaining NC fluency is difficult for many children (e.g.,
Goldman et al., 1988).

We began by comparing the relative contributions of measures representing the two
hypothesized number sense systems to the prediction of individual differences in NC skill.
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We entered a measure of approximate representation of large quantities (i.e., Number Line
Estimation; Siegler’s & Booth, 2004) and a measure of exact representation of small
quantities (i.e., d′ from the Number Sets Test; Geary et al., 2009) simultaneously into
regression analysis predicting NC skill. Each was a significant predictor in the presence of
the other, and the two numerosity measures together accounted for a large proportion of the
variance (65.6%). This suggests that both core systems hypothesized to comprise number
sense contribute to the development of NC skill. Even so, most (58.5% of the 65.6%) of this
variance was unique to the measure of exact representations of small quantities (i.e., the
Number Sets Test), with 36.9% of the explained variance shared between the two
numerosity constructs and only 4.6% attributable specifically to approximate representation
of large quantities (i.e., Number Line Estimation).

The importance of the approximate system of number in NC skill development is in keeping
with findings of some recent studies (Gilmore et al., 2007; Halberda, Mazzocco, &
Feigenson, 2008). Yet, our results suggest that fluency in accessing exact representations of
small quantities may be more essential. This makes sense given that NC skill and items on
the Number Sets Test require quick recognition and combination of small magnitudes. One
possibility is that children who have a strong foundation for verbally subitizing and adding
the corresponding quantities are at an advantage in learning NC. This might explain Koontz
and Berch’s (1996) finding that children with mathematics disability have a smaller
subitizing range; it may also explain the common finding that children with mathematics
disability have difficulty learning NCs (Geary, 1993). At the same time, it is likely that for
other types of mathematics performance, approximate representation of large quantities is
the more essential system. In that vein, Booth and Siegler (2008) provided data suggesting
the potential importance of Number Line Estimation in predicting students’ learning of an
addition estimation task. The authors did not, however, consider exact representation of
small quantities as a competing predictor. In future studies, researchers might
simultaneously consider the two hypothesized core systems of number sense when
investigating various aspects of mathematics performance, as done in the present study. In
any case, our results support Duncan et al.’s (2008) conclusion about the importance of early
numerical competence for supporting formal mathematical learning in school.

After examining the effects of the two numerosity measures on NC skill, we contrasted a
model that assessed the effects of the numerosity measures in the presence of the eight
domain-general abilities. In this much more stringent test, both numerosity measures
retained their status as unique predictors. On this basis, we conclude that each of the two
hypothesized core systems of number sense directly affects the development of NC skill
even when controlling for the variance associated with a host of domain-general abilities.
Just as interesting, however, results showed that the addition of the domain-general abilities
resulted in only a small, nonsignificant (2.1%) increase in R2. This was the case even though
several of our measures of domain-general abilities (i.e., central executive, phonological
loop, and processing speed) involved numerals. As per Landerl et al. (2004), this creates a
stringent test of the domain-specific hypothesis due to the potential for confounding domain-
general abilities with numerical processing abilities. In a similar way, because we excluded
73 students due to mathematics performance that was inconsistent with their overall risk
status, it is possible that results are biased toward a domain-general perspective, creating an
even more stringent test of the domain-specific hypothesis.

Yet, our findings lend support for a domain-specific perspective on NC skill, not only
indicating that both hypothesized aspects of numerosity are important in NC skill but also
that (a) NC skill does not depend on domain-general abilities above and beyond the
influence of numerosity and (b) domain-general abilities do not mediate the effects of
numerosity on NC skill. This suggests that NC skill grows out of the development of
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meaningful and interconnected knowledge about numbers that may have their foundation in
children’s early ability to subitize and estimate magnitude (e.g., Baroody et al., 2009). In the
present study, we did not address whether individual differences in numerosity result from
innate differences or from the nature of socially-mediated preschool experiences. Regardless
of how these individual differences develop, results indicate the importance of providing
strong preschool opportunities to help children construct a strong sense of numerosity.

At the same time, however, we also examined how much of the variance in domain-general
abilities and numerosity variables is unique versus shared when explaining NC skill.
Partitioning the variance revealed that although 34.9% of the explained variance was unique
to the numerosity measures (and only 3.1% was unique to domain-general abilities), 62.0%
of the explained variance was shared. Finding that a substantial amount of variance is shared
indicates the need for additional research on the viability of a combined perspective. Geary
et al. (2009) demonstrated that although performance on the Number Sets Test appears to
capture fluency in processing basic numerical information, it is influenced by the central
executive and general cognitive ability. Whether this represents method variance in the
construction of the Number Sets Test or whether working memory and cognitive ability are
important for the functional use of domain-specific number representations during
mathematics learning remains to be determined.

Our last question centered on whether the relations for NC skill apply to WP performance,
which requires but is not limited to NC skill. When Number Line Estimation and the
Number Sets Test were simultaneously entered into regression analysis to predict WP
performance, each was a significant predictor in the presence of the other, as was the case
for NC skill. However, these numerosity variables accounted for less (44.4%) of the
explained variance in WP skill compared to NC performance (65.6%). So it was not
surprising that when we assessed the effects of the numerosity measures in the presence of
the eight domain-general abilities, this more stringent test revealed that only one of these
core systems of number sense, exact representation of small quantities (i.e., d′ of the
Number Sets Test), not approximate representation of large quantities (i.e., Number Line
Estimation), was a unique predictor. This indicates that only exact representation of small
quantities exerts a direct effect on WP skill whereas the effects of approximate
representation of large quantities are mediated by the domain-general abilities.

In fact, the addition of the set of domain-general measures resulted in a substantial (10.8%)
and significant increase in explained variance in WP skill. This stands in stark contrast to the
finding that domain-general abilities together did not improve the prediction of NC
performance beyond what was captured by the numerosity measures. Moreover, partitioning
the variance between the numerosity measures and the domain-general abilities revealed that
more variance was attributable to domain-general abilities (19.6%) than to the numerosity
measures (12.1%). By contrast, in predicting NC skill, the corresponding percentages were
3.1 and 34.0. In line with the prediction of NC skill, however, a hefty portion (68.3%) of the
explained variance was shared between numerosity and domain-general abilities, again
suggesting additional research on the viability of a combined perspective.

In conducting research to understand which domain-general abilities may underlie WP skill,
our findings indicate the importance of three abilities. First, the central executive component
of working memory was uniquely predictive of WP performance, even when two
numerosity and seven other domain-general abilities were competing for variance.
Theoretical frameworks posit that WPs involve construction of a problem model that
requires working memory (e.g., Kintsch & Greeno, 1985). Much of the literature, including
the present results, provides support for this theoretical framework (e.g., Fuchs et al., 2005;
Swanson & Beebe-Frankenberger, 2004; Swanson & Sachse-Lee, 2001), although findings
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are not consistent (e.g., Fuchs et al., 2006; Fuchs, Fuchs, Stuebing et al., 2008; Vukovic &
Siegal, 2009).

A second potentially important domain-general ability in determining WP skill, as reflected
in the present study, is concept formation. As with the central executive, concept formation
was uniquely predictive of WP performance, even when two numerosity and seven other
domain-general abilities were competing for variance. Concept formation involves
identifying, categorizing, and determining rules to classify objects and therefore appears to
represent general reasoning or problem-solving ability, as is required in WPs. In prior
research, concept formation has also emerged as a determinant of WP skill (Fuchs et al.,
2006; Fuchs, Fuchs, Stuebing et al., 2008; Swanson & Sachse-Lee, 2001). Additional
studies are needed to determine if concept formation predicts ease of learning and
transferring WP schemas (e.g., Fuchs, Fuchs, Craddock et al., 2008; Sweller, 2004).

The present results also suggest the potential importance of a third domain-general ability:
language. Although it only approached statistical significance (p = .069), we nonetheless
discuss this finding because prior studies strongly support the role of language in WP
performance, thereby suggesting the appropriateness of a 1-tailed test of significance. Jordan
et al. (1995) documented the importance of language when kindergarten and first-grade
language-impaired children performed lower than unimpaired peers on WPs. Fuchs et al.
(2006) showed its relation to WP skill among third graders while controlling for a host of
other variables, and profile analysis (Fuchs, Fuchs, Stuebing et al., 2008) demonstrated that
poor language ability was the domain-general ability that reliably distinguished third graders
with WP deficits from those with specific calculation deficits. Moreover, it makes sense that
language supports WP performance given the obvious need to process linguistic information
when building representations of WPs.

In a more general way, the pattern of findings in the present study, whereby the role of
numerosity and domain-general abilities differed across NC and WP skill, also suggests that
not all aspects of mathematics performance tap the same underlying abilities. These findings
lend support for the notion that NC and WP skill may represent distinct domains of
mathematical cognition. Results echo Fuchs, Fuchs, Stuebing et al. (2008), in which third-
grade students at the lower end of the performance range in calculations versus WPs showed
distinctive cognitive profiles, and Hart, Petrill, Thompson, and Plomin (2009), who found
that mathematics problem solving has different genetic and environmental influences than
mathematics calculation. Together, these studies suggest that the development of
mathematical cognition does not depend on a uniform set of numerical or general cognitive
competencies but rather that the relative contributions of numerosity and domain-general
explanations to the development of mathematical cognition differ depending on the nature of
mathematics performance. In fact, elementary school mathematics is conceptualized in
strands (e.g., concepts, numeration, measurement, arithmetic, algorithmic computation, and
problem solving), and high-school curriculum offerings include algebra, geometry,
trigonometry, and calculus. Yet, little is understood about how aspects of mathematical
cognition relate to each other: which are shared or distinct or how development in one
domain corresponds with development in another or how learning in one domain promotes
learning in another. Research is needed to expand theoretical insight into the nature of these
types of mathematical competence and their development.
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