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Number sense development of 411 middle- and low-income kindergartners (mean age 5.8 years) was examined
over 4 time points while controlling for gender, age, and reading skill. Although low-income children performed
significantly worse than middle-income children at the end of kindergarten on all tasks, both groups progressed
at about the same rate. An exception was story problems, on which the low-income group achieved at a slower
rate; both income groups made comparable progress when the same problems were presented nonverbally with
visual referents. Holding other predictors constant, there were small but reliable gender effects favoring boys on
overall number sense performance as well as on nonverbal calculation. Using growth mixture modeling, 3
classes of growth trajectories in number sense emerged.

Mathematics difficulties are widespread in the
United States as well as in other industrialized na-
tions. The consequences of such difficulties are seri-
ous and can be felt into adulthood (Dougherty, 2003;
Murnane, Willett, & Levy, 1995). Low math
achievement is especially pronounced in students
from low-income households (National Assessment
of Educational Progress, 2004). Children with
weaknesses in basic arithmetic may not develop the
conceptual structures required to support the learn-
ing of advanced mathematics. Although competence
in high-level math serves as a gateway to a myriad
careers in science and technology (Geary, 1994),
many students never reach this stage. Some children
gradually learn to avoid all things involving math
and even develop math anxieties or phobias (Ash-
craft, 2002; Ginsburg, 1997).

In recent years, there has been growing interest in
children with mathematics difficulties, in part be-
cause of the relatively large body of research on
children’s mathematical cognition more generally
(Geary, 2000; Jordan, Blanteno, & Uberti, 2003). In
general, math difficulties have been defined as below-
average performance on a standardized achievement
test (Hanich, Jordan, Kaplan, & Dick, 2001). Research
on children with mathematics difficulties has been
influenced by the wealth of studies in phonetic-
based reading difficulties, studies that have led di-

rectly to the development of evidence-based meth-
ods for determining who is going to need support
and how to provide help (e.g., Foorman, 2003; Tor-
geson, 2002). As in reading, longitudinal research is
critical for understanding how math difficulties de-
velop and change over time (Jordan, Kaplan & Ha-
nich, 2002). For example, Geary and colleagues have
shown that some mathematics difficulties are rela-
tively fluid in elementary school whereas others are
highly persistent and are characterized by basic
cognitive deficits (Geary, 1990; Geary, Brown, & Sa-
maranayake, 1991; Geary, Hamson, & Hoard, 2000).
Jordan and colleagues found that although children
with mathematics difficulties who are good readers
can use their verbal strengths to compensate for
some deficiencies in math, they have persistent
problems mastering number combinations, such as
318 5 11 or 12� 9 5 3 (Hanich et al., 2001; Jordan et
al., 2002; Jordan, Hanich, & Kaplan, 2003a, 2003b).
Difficulties with number combinations reflect basic
weaknesses in number sense, such as the ability to
grasp counting principles or to manipulate quanti-
ties mentally (Geary, Bow-Thomas, & Yao, 1992;
Jordan et al., 2003a). There may also be underlying
problems in working memory, spatial representation,
and attention (Geary, 1994; Mix, Huttenlocher, &
Levine, 2002). Longitudinal research on subgroups of
mathematics difficulties is beginning to bear fruit
for the development of instructional methods. For
example, Fuchs, Fuchs, and Prentice (2004) demon-
strate that children with mathematics difficul-
ties who are good readers respond differently to
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instruction than children with mathematics difficul-
ties who are also poor readers.

This investigation was concerned with the emer-
gence of mathematics difficulties. If children’s
learning needs can be identified early on, we may be
able to design interventions that prevent failure in
math. The importance of different components of
‘‘number sense’’ to mathematics achievement is not
well understood, although the aforementioned re-
search on mathematics difficulties in elementary
school is suggestive. Although no two researchers
define number sense in exactly the same way
(Gersten, Jordan, & Flojo, 2005), most agree that the
ability to subitize small quantities, to discern number
patterns, to compare numerical magnitudes and es-
timate quantities, to count, and to perform simple
number transformations are key elements of number
sense in young children (Berch, 2005; Case, 1998).
Most children develop fundamental number sense
before they receive formal instruction in elementary
school, although there is significant variation by so-
cial class and cognitive ability (Ginsburg & Golbeck,
2004; Ginsburg & Russell, 1981; Huttenlocher, Jor-
dan, & Levine, 1994; Jordan, Huttenlocher, & Levine,
1994). Even infants appear to be sensitive to small
numbers and number transformations (e.g., Wynn,
1992). Preschool children learn basic counting prin-
ciples (e.g., Fuson, 1988; Wynn, 1990) and can per-
form addition and subtraction calculations (e.g.,
Levine, Jordan, & Huttenlocher, 1992; Mix, Levine, &
Huttenlocher, 1999). These foundational aspects of
number sense are important to the ‘‘higher order’’
mathematical thinking (e.g., fluency and flexibility
with operations and procedures) that results from
formal education (Berch, 2005).

In this study, we examined the development of
number sense in kindergartners. Our battery, al-
though not exhaustive, assessed skills that have been
validated by research and are relevant to the math
curriculum in primary school (Griffin & Case, 1997)
rather than basic cognitive abilities (e.g., general
working memory). The areas included counting,
number knowledge, number transformation, esti-
mation, and number patterns and are summarized in
Table 1.

Components of Number Sense

Counting

According to Baroody (1987), ‘‘Counting puts ab-
stract number and simple arithmetic within the reach
of the child’’ (p. 33). Development of counting is a
critical pathway to learning about numbers and

counting weaknesses have been linked to mathe-
matics difficulties (Geary, 2003). Most children de-
velop knowledge of three important ‘‘how to count’’
principles before they enter kindergarten (Gelman &
Gallistel, 1978), including the one – one principle, the
stable-order principle, and the cardinality principle.
Typically, children learn the count sequence by rote
and then discover counting principles through in-
formal experiences with numbers and counting
(Briars & Siegler, 1984). As children progress through
kindergarten and early elementary school, they
gradually acquire more advanced counting abilities.
They learn to count backward, to count by twos, and
to enumerate object sets greater than 10. They also
learn the words for decades and the rules for com-
bining number words (e.g., combining 30 with 3 to
make the larger number 33) (Ginsburg, 1989).
Counting skills are fundamental to learning base-10
concepts. Early difficulties in counting portend later
difficulties with arithmetic operations (Geary, Hoard,
& Hamson, 1999).

Number Knowledge

Children as young as 4 years of age recognize and
describe global differences in quantities (Case &
Griffin, 1990; Griffin, 2002, 2004). For example, they
can tell which of two stacks of chips has more or
fewer. Younger children rely on visual perception

Table 1

Key Elements of Number Sense in Young Children

Area Components

Counting Grasping one to one correspondence

Knowing stable order and cardinality

principles

Knowing the count sequence

Number knowledge Discriminating and coordinating

quantities

Making numerical magnitude

comparisons

Number transformation Transforming sets through addition

and subtraction

Calculating in verbal and nonverbal

contexts

Calculating with and without referents

(physical or verbal)

Estimation Approximating or estimating set sizes

Using reference points

Number patterns Copying number patterns

Extending number patterns

Discerning numerical relationships
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rather than on counting to make this judgment (Xu &
Spelke, 2000). By 6 years of age, however, children
integrate their global quantity and counting schemas
into a mental number line (Siegler & Booth, 2004).
This superordinate structure, referred to as a ‘‘central
structure for whole numbers,’’ allows children to
make better sense of their quantitative worlds
(Griffin, 2002). Children gradually learn that num-
bers later in the counting sequence have larger
quantities than earlier numbers. They come to see
that numbers themselves have magnitudes, such that
8 is bigger than 5 or that 6 is smaller than 9. Children
use these skills in a wide range of contexts and
eventually coordinate quantities to construct a linear
representation of numerical magnitude, to under-
stand place value, and to perform mental calcula-
tions. Number knowledge helps children think about
mathematical problems, and its development is
sensitive to children’s early experiences with num-
ber (Griffin, Case, & Siegler, 1994; Siegler & Booth,
2004). Griffin et al. (1994) found that middle-income
children enter kindergarten with better developed
number knowledge (e.g., the ability to discriminate
which of two numbers is bigger) than low-income
children. Number knowledge development is linked
to the amount of informal instruction children re-
ceive at home on number concepts (Saxe et al., 1987).
Number knowledge is a strong predictor of arith-
metic achievement in first grade, with a zero-order
predictive validity correlation of .73 (Baker et al.,
2002).

Number Transformations

During preschool, children acquire quantitative
abilities that are relevant to learning conventional
arithmetic operations. However, children have lim-
ited success in performing verbally presented cal-
culation problems, such as story problems (‘‘Mike
had 2 pennies. Jen gave him 3 more pennies. How
many pennies does he have now?’’) and number
combinations (‘‘How much is 2 and 3?’’) (e.g.,
Ginsburg & Russell, 1981; Levine, Jordan, & Hut-
tenlocher, 1992). Although this might indicate a lack
of calculation skill, a number of other factors could
compromise the child’s ability to solve story prob-
lems and number combinations. For example, chil-
dren might not understand the words and syntactic
structure of a problem and/or may have trouble
accessing mental representations of quantities when
physical referents are not provided. Levine et al.
(1992) developed a ‘‘nonverbal’’ calculation task that
eliminated these sources of difficulty. The task re-
quires a child to reach an exact solution to a calcu-

lation problem rather than to make a judgment about
the effects of the addition or subtraction transfor-
mation. Young children’s success in solving non-
verbal calculations depends on the ability to hold
and manipulate quantitative representations in
working memory as well as an understanding of
number transformations (Klein & Bisanz, 2000). The
ability to solve nonverbal calculation problems de-
velops earlier than the ability to solve comparable
story problems and number combinations in most
children (Levine et al., 1992). Moreover, nonverbal
calculation ability varies less across social classes
than does the ability to solve verbal calculations
(which clearly favors middle- over low-income
children) (Jordan, Huttenlocher, & Levine, 1992;
Jordan et al., 1994).

Estimation

There is a significant, positive relationship be-
tween estimation abilities and skill with arithmetic
operations, which requires an exact knowledge of
numbers (Dowker, 1997; Rubenstein, 1985). Before
learning conventional arithmetic, children as young
as 4 1

2 years old can estimate concrete set sizes and
use reference points (Baroody & Gatzke, 1991). For
example, they can estimate the number of dots in a
set (e.g., 8) within 25% of the actual value, gauge
whether a set of dots was larger or smaller than a
stated reference point (e.g., ‘‘Is this group of dots
more than 5 or less than 5?’’), and judge whether a
set fits within two reference points (e.g., ‘‘Is this
group of dots less than 5, between 5 and 10, or more
than 10?’’). Performance varies according to set size
and number of reference points (i.e., one reference
point is easier than two).

Number Patterns

Recognition and use of number patterns increases
skill with number combinations (Threfall & Frobis-
her, 1999). There are patterns within number com-
binations and relationships between them. For
example, patterns in combinations of 6 include
313 5 6; therefore 4 (which is 1 more than 3)12
(which is 1 less than three) 5 6, 511 5 6, so 115 5 6,
and so forth. Children with an intuitive grasp of
number patterns can readily derive answers from
known combinations to solve unknown ones. This
ability, in turn, helps them master or become fluent
with number combinations (Gray & Tall, 1994;
Jordan et al., 1994). Sense of number patterns is a
key component of early mathematical knowledge
(Ginsburg, 1997). Children as young as 4 – 5 years of
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age show skill in copying and extending simple
number patterns (e.g., ABAB patterns), and this skill
is sensitive to background variables, such as social
class (Starkey, Klein, & Wakely, 2004). Good ability to
discern number patterns should help children mas-
ter number combinations.

Research Plan

In this study we gave our number sense battery to a
large group of kindergartners four times during the
school year. The study is the first part of a multiyear
longitudinal project by our research team. Although
we expected the various tasks to be related, we were
interested to see if the tasks clustered together to
form a ‘‘unitary’’ construct of number sense or
whether more than one factor would emerge. For
example, some tasks may rely more heavily on
conventional knowledge whereas others may in-
volve basic number abilities (Huttenlocher et al.,
1994; Levine et al., 1992).

Longitudinal assessment with four time points
allowed us to examine growth curves on the various
tasks from the beginning of kindergarten, when
children entered school with a wide range of expe-
riences but with limited formal instruction, to the
end of kindergarten, when all children had one year
of exposure to the same math curriculum. Because
early number tasks are sensitive to income level
(Starkey et al., 2004), and many low-income children
are at risk for developing mathematics difficulties
(Jordan et al., 1994), a primary focus was on com-
paring performance and growth in children from
low- and middle-income families. Our low-income
participants were mainly African American and La-
tino children from urban areas. Although we antici-
pated that low-income kindergartners, on average,
would enter school at a lower level than middle-in-
come kindergartners (Starkey et al., 2004), we were
interested in the extent to which low-income kin-
dergartners catch up with their middle-income peers
during the course of the year.

We also considered gender in our analyses. Pre-
vious work with second- and third-grade children
(Jordan et al., 2003a) showed that boys had a small
but consistent advantage over girls on estimation
and place value tasks and that boys used concrete
strategies less often than girls on number combi-
nations. In the present investigation, we sought to
determine if gender differences are evident in
younger children on related tasks. Another variable
we considered was reading skill. As noted earlier,
children’s rate of achievement in primary school
math is associated with their skill in reading (e.g.,

Jordan et al., 2002). Reading skill may reflect some
general level of competence or may be relevant pri-
marily to conventional number tasks that have a
basis in language (e.g., counting, story problems).
Finally, we covaried age of kindergarten entry be-
cause children start kindergarten at very different
ages. Holding other factors constant, we expected
older children to have an advantage over younger
children on our tasks.

Our statistical approach centered around two sets
of analyses: conventional growth curve modeling
and growth mixture modeling. Conventional growth
curve modeling gives an estimate of the average
level of number sense competency at a chosen time
point (in this case, the end of kindergarten) as well as
the average growth rate over time for all children
(Hedeker, 2004; Raudenbush & Bryk, 2002). We
performed conventional growth curve analyses for
the different areas of number sense described pre-
viously (e.g., counting, number knowledge, number
transformation, etc.). A limitation of conventional
growth curve modeling is that it assumes that there
is one average growth trajectory that describes the
population under investigation. It may be more re-
alistic, however, to examine whether there are dis-
tinct growth trajectory classes. For example, some
children may have rapid rates of growth in number
sense that level off quickly, others may have rela-
tively steady rates of growth, while still others may
have very slow rates of growth. In longitudinal
studies of early reading, researchers have identified
at least three unique trajectory classes (Kaplan, 2003;
Leppanen, Niemi, Aunola, & Nurmi, 2004; Muthén,
Khoo, Francis, & Boscardin, 2002). Distinct trajectory
classes appear to emerge in number sense develop-
ment as well (Aunola, Leskinen, Lerkkanen, &
Nurmi, 2004). Identification of distinct trajectory
classes is important because it could lead to the
finding that predictors such as age-of-entry, gender,
reading proficiency, and income level do not dem-
onstrate ‘‘one-size-fits-all’’ effects. Rather, the influ-
ence of these predictors may very well be different
depending on the trajectory class.

To address the issue of whether there are distinct
trajectory classes, we used growth mixture mode-
ling (GMM) (Muthén, 2004) as implemented in the
Mplus software program (Muthén & Muthén, 2004).
The use of GMM, however, does not obviate the
need to describe the sample using conventional
growth curve modeling. Indeed, conventional
growth curve modeling serves as an important
starting point for growth mixture modeling. A
technical discussion of growth mixture modeling is
given in the appendix.
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Method

Participants

Recruitment packages were distributed to all in-
coming kindergartners in six schools in the same
school district. These sites were selected for several
reasons. First, each school used the Trailblazers kin-
dergarten math curriculum (Teaching Integrated
Mathematics and Science Curriculum, 2004), allow-
ing us to control for the type of math instruction that
the children received. Second, we chose schools
whose children varied both in income status (as
measured by the percentage of children receiving
free/reduced lunch) and in racial/ethnic composi-
tion (as reported by parents). Two schools were lo-
cated in an urban, low-income area, and one of these
schools ran full-day kindergarten programs. The
other four schools were located in suburban loca-
tions and ran part-day kindergarten programs. One
of the urban schools was also host to the school
district’s Spanish – English bilingual kindergarten
program, in addition to their regular kindergarten
program. The full-day program differed from the
part-day program in terms of special subjects rather
than academic instruction (i.e., the full-day program
included art classes, etc. while the part-time program
did not).

Consent forms were returned for 66% of the chil-
dren, resulting in an initial sample of 418 children.
Seven of these children withdrew from school before
the first round of data collection, leaving a final
sample of 411 children, with an average age of 5
years 7 months. The background characteristics of
these children are given in Table 2.

We sent surveys to families at the beginning of
kindergarten to learn about the time that caregivers
spent with their children on math and reading ac-
tivities. The surveys were attached to the initial pa-
rental consent forms. This survey listed five math
activities (e.g., counting objects, talking about num-
bers) and five literacy activities (e.g., reading books,
saying/singing the alphabet), and asked parents to
circle the frequency (rarely, sometimes, frequently)
that best described the amount of time they spend on
each activity with their child. Spanish-language
surveys were sent to the parents of children in the
bilingual program. Surveys were returned for 88% of
the children (for 90% of the middle-income families
and for 85% of the low-income families). Twelve re-
turned surveys were excluded from the analysis
because they contained incomplete data. We found a
significant difference in the reported frequency of
math and literacy activities between low-income
(M 5 13.40, SD 5 4.23) and middle-income families

(M 5 14.63, SD 5 3.57), with middle-income families
reporting more frequent activities than low-income
families, t(349) 5 2.662, p 5 .008, d 5 .32. No signifi-
cant effect was found for the gender of the child on
reported frequency of literacy and numeracy activi-
ties (boys: M 5 14.21, SD 5 3.941; girls: M 5 14.28,
SD 5 3.711; t(349) 5 0.167, p 5 .867, d 5 .02).

To document the amount of children’s exposure to
math in kindergarten, we observed all of the kin-
dergarten classrooms twice during the year: once in
January and once in May. Five fully trained testers
who had previously taught in classrooms or had
experience with school observations conducted the
observations. We recorded the total number of min-
utes spent on math activities during the kindergarten
day as well as the number of math activities in each
class. Observers noted the beginning and end of
math activities and used a checklist based on the
Trailblazers curriculum to indicate what content was

Table 2

Demographic Information of Participants by Income Status (n 5 411)a

Low

income

Middle

income Total

Gender

Male 68 150 218 (53 %)

Female 69 124 193 (47 %)

Race

Minorityb 122 110 232 (57%)

Nonminority 13 163 176 (43%)

Unknown 2 1

Special education services

Receiving services 8 21 29 (7%)

Not receiving services 129 253 382 (93%)

Bilingual program

Participating 27 7 34 (8%)

Not participating 108 269 377 (92%)

Kindergarten program

Part day 70 256 326 (79%)

Full-day 66 19 85 (21%)

Mean time 4 raw reading score (DIBELS) (SD)

Letter naming

fluency

32.46 (15.21) 42.97 (17.23) 39.52 (17.29)

Phoneme

segmentation

fluency

26.73 (18.47) 32.20 (18.29) 30.40 (18.51)

Nonsense word

fluency

18.98 (13.14) 28.20 (21.61) 25.16 (19.70)

aIncome status was determined by the participants’ status in free/
reduced lunch programs. ‘‘Low income’’ refers to students re-
ceiving free or reduced lunch, whereas ‘‘Middle income’’ refers to
students not receiving this benefit.
bMinority refers to participants who self-identified as black
(36.1%), Asian (5.1%), or Hispanic (15.7%) on District registration
forms.
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covered during each activity. To establish reliability,
pairs of observers conducted simultaneous obser-
vations in the same classrooms during their first
experience in the field. Inter-rater reliability for the
training round, averaged across observers, was .96,
with a range from .86 to 1.00. Following these initial
classroom visits, discrepancies were discussed and
resolved by mutual agreement. In addition, the ob-
servation team held two calibration meetings: once
after the training round and again before the scoring
of the observation data.

The average math activity lasted just over 16 min
(SD 5 12.63), and children were exposed to an aver-
age of six math activities (or activities that included
math) per day, with a range of 2 – 12 activities within
any one kindergarten day. Math activities were de-
fined as explicit math instruction, as well as math
instruction that was embedded in other content areas
or daily classroom activities (e.g., integrating math
when reading a story book, counting off while lining
up to leave the classroom). Analyzing the data at the
class level, children in the full day program partici-
pated in an average of five activities per day
(SD 5 1.60) and those in the part day program par-
ticipated in an average of 7 (SD 5 2.40) activities per
day, t(40) 5 2.09, p 5 .043, d 5 .66. Examining the data
at the activity level, the mean length of an activity
was 20 min (SD 5 12.99) for the full-day program
and 15 min (SD 5 12.25) for the part-day program,
t(265) 5 3.15, p 5 .002, d 5 .46. Therefore, although
children in the part-day program actually partici-
pated in more activities on average, these activities
were shorter than those conducted in the full-day
classrooms. As would be expected in kindergarten,
the majority of activities were led by the teacher and
were structured around whole-class instruction or
center-based groups of children working under the
supervision of the teacher or another adult. There
was little variation in these patterns according to
school.

Materials and Procedure

Children were assessed on the number sense
battery four times during the kindergarten school
year: September (Time 1), November (Time 2), Feb-
ruary (Time 3), and April (Time 4). Children’s read-
ing skills were assessed at Time 4. Schools were
tested in the same order for each 1-month testing
period. Children were given the battery in school by
1 of 11 researchers who were fully trained in the
testing procedures. Native or near-native speakers of
Spanish administered the battery to the children in
the bilingual program. Although the number sense

instructions were read in English to all participants,
children in the bilingual program were allowed to
ask that they be clarified in Spanish and/or to an-
swer in Spanish. If a child did not understand the
task items in English, the items were also adminis-
tered in Spanish. The reading measure, however,
was administered to all children in English as pre-
scribed by the school district. Children were tested
individually at each of the four time points.The
testing time was about 30 min per session. The
number tasks were presented as games to hold
children’s attention. Short breaks were provided
between tasks as necessary.

Number Sense Measures

Children were given the same number sense tasks
at each time point. Because of the young age of the
children and the 2-month period of time between
assessments, we did not use alternate forms. The
tasks were presented to each child in the following
order: counting skills, number recognition, number
knowledge, nonverbal calculation, story problems,
number combinations, estimation, and number pat-
terns. The number sense battery was shown to kin-
dergarten teachers in all of the participating schools,
who verified its relevance to the kindergarten math
curriculum. Items were added or removed from the
battery on the basis of teachers’ suggestions.

Counting skills. The counting skills portion of the
number sense battery comprised three sections:
enumeration, count sequence, and counting princi-
ples. These sections were collapsed to produce one
counting skills score. The total possible score on
counting skills was 13 points.

Enumeration. There were four items in this sec-
tion, adapted from Jordan, Levine, and Huttenlocher
(1994). Children were shown five stars on a paper
and asked to touch each star as they counted them.
The paper was then hidden from view, and the
children were then asked how many stars were on
the paper (cardinality principle). The same proce-
dure was followed using seven stars. Children were
scored correct/incorrect for each question, resulting
in a possible score of four points (two for counting
and two for cardinality).

Count sequence. There was one item in this section.
Children were asked to count to 10 and were given
one point if they succeeded in doing so. Children
were allowed to restart counting only once, but they
were allowed to self-correct any number that they
were producing.

Counting principles. This section consisted of eight
items. The task was adapted from Geary, Hoard, and
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Hamson (1999) to assess children’s skill at detecting
violation of counting principles. It assessed chil-
dren’s knowledge of one to one correspondence,
order irrelevance, and abstraction principles. For
each item, children were presented with a set of ei-
ther five or nine alternating yellow and blue dots.
Children were then shown a finger puppet and told
that the puppet was just learning to count. The
child’s task, therefore, was to tell the puppet whether
he counted ‘‘OK’’ or ‘‘not OK.’’ Children were given
eight trials, including four correct, two incorrect, and
two pseudo correct. Correct counting involved
counting from left to right and counting from right to
left. One pseudo error involved counting the yellow
dots first and then counting the blue dots, whereas
the other pseudo error involved counting the blue
dots first and then the yellow dots. The incorrect
counts entailed counting from left to right but
counting the first dot twice. Children received a
score of correct/incorrect for each trial, resulting in a
possible eight points.

Number knowledge. This task was adapted from
Griffin (2002). Given a number (e.g., 7), children
were asked what number comes after that number
and what number comes two numbers after that
number. Given two numbers (e.g., 5 and 4), children
were asked either which number was bigger or
which number was smaller. Last, children were
shown three numbers, each of which was placed in a
corner of an equilateral triangle. Children were
asked to identify which number was closer to the
number in the top corner of the triangle. This item
assesses whether the child comprehends the rela-
tionship between numbers or is focusing on physical
distance. Children were scored correct/incorrect for
each question asked, for a possible eight points.

Nonverbal calculation. The nonverbal calculation
task was adapted from Levine et al. (1992). The tester
and child sat facing one another with 45 � 30 cm
mats in front of each of them and a box of 20 chips
placed off to the side. The tester also had a box lid
with an opening on the side, allowing her to ma-
nipulate chips under the box. Three warm-up trials
were given in which we engaged the children in a
matching task by placing a certain number of chips
on the mat in a horizontal line, in view of the child,
and told the child how many chips were on the mat.
After covering the chips with the box lid, the child
was asked to say or show how many chips were
hiding under the box lid. Children had a set of chips
next to their mat. After these trial rounds, four ad-
dition problems and four subtraction problems re-
sulting in sums and minuends of seven or less were
presented (211; 413; 214; 312; 3 – 1; 7� 3; 5� 2;

6� 4). The examiner placed a quantity of chips on
her mat (in a horizontal line) and told the child how
many chips were on the mat. The examiner then
covered the chips with the box lid. We either added
or removed chips, one at a time, and told the child
how many chips were being added or removed. In
order to keep the task as straightforward as possible,
all addition items were given before proceeding with
the subtraction items. For each item, the children
were asked to say or show how many chips were left
under the box. Children’s incorrect performances
were corrected only on the initial addition and sub-
traction problems.

The item was scored as correct if the child dis-
played the correct number of disks and/or gave the
right number word. In cases where children gave
both types of responses, inconsistent answers were
very infrequent (o1%). Children received scores of
correct/incorrect for each of the addition and sub-
traction items, allowing a possible eight points.

Story problems. Children were given four addition
and four subtraction story problems. The calcula-
tions were the same as the ones used in nonverbal
calculation. The addition story problems were pre-
sented before the subtraction story problems. The
addition problems were phrased as follows ‘‘Jill has
two pennies. Jim gives her one more penny. How
many pennies does Jill have now?,’’ while the sub-
traction problems were phrased: ‘‘Mark has three
cookies. Colleen takes away one of his cookies. How
many cookies does Mark have now?’’ Children re-
ceived a score of correct/incorrect for each story
problem, for a possible total of eight points.

Number combinations. We gave four addition and
four subtraction problems using the same calcula-
tions that were presented in Nonverbal Calculation
and Story Problems. The addition problems were
given before the subtraction problems. The items
were phrased as follows: ‘‘How much is 2 and 1?’’
and ‘‘How much is 5 take away 2?’’ Children were
scored as correct/incorrect for each number combi-
nation with the total possible score being eight
points.

Estimation. This subtest was adapted from Ba-
roody and Gatzke’s (1991) estimation task. We pre-
sented children with five 15 � 23 cm cards with 3, 8,
15, 25, or 35 dots placed haphazardly on each card.
The cards were presented to the child in the above
order so that the number of dots increased each time
they were shown a new card. The examiner dis-
played each card for as long as it took to say, ‘‘About
how many dots do you see?’’ The child received a
correct score if he or she estimated within 25% of the
actual number of faces on the card. For example, in
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response to the card with three dots, ‘‘3’’ was the
only acceptable answer, whereas, in response to the
card with 25 dots, any number in the range of 19 – 31
was scored as correct. The total possible score on
Estimation was eight points.

Number patterns. The number patterns task was
adapted from Starkey et al. (2004). Children were
shown pictures of red (R), blue (B), and yellow (Y)
beads on a string. Primary colors were chosen for
ease of color distinction. In addition, a brief color-
matching test was administered to each child before
the first item was given in order to screen for color
blindness. The tester pointed to each color bead, one
at a time, and asked the child to point to the
matching color at the bottom of the page. This was
done for the first two items so that every color was
accounted for. No children were excluded for color
blindness.

For the number patterns task items, the beads
were arranged in repeating patterns involving two
colors (RBRBRB) and three colors (RRBYYRRBYYRR
BYY); increasing patterns involving two colors
(RBRBBRBBB) and three colors (RBYRRBYRRRBY);
and decreasing patterns involving two colors (BBBR
BBRBR) and three colors (RBYYYRBYYRBY). In each
of the seven trials, one bead was left uncolored (e.g.,
RRBYYRRBYYRRB?Y). Children had to look at the
red, blue, and yellow color choices at the bottom of
each page and point to which color the uncolored
bead should be in order to complete each number
pattern correctly. Children’s responses were scored
as correct or incorrect for each pattern, for a total
possible score of seven points.

Number recognition. This subtest was added to our
battery at the suggestion of kindergarten teachers in
the school district, who indicated that number rec-
ognition is emphasized in the kindergarten math
curriculum, and consisted of four items. Children
were shown the numbers 2, 8, 9, and 13 and asked to
name the numbers. Children received a score of
correct/incorrect for each number, for a total of four
possible points.

Reading Measure

The Dynamic Indicators of Basic Early Literacy
Skills (DIBELS) 6th ed. (Good & Kaminski, 2002) was
given to children at the end of kindergarten. The
DIBELS assesses letter naming fluency, phoneme
segmentation fluency, and nonsense word fluency.
The fluency scores are the total number of letters,
phonemes, or nonsense words, respectively, identi-
fied in 1 min. Test – retest reliability at the end of
kindergarten was .93 for letter naming fluency, .88

for phoneme segmentation fluency, and .92 for non-
sense word fluency. On the basis of normative data,
end of kindergarten children are considered at
‘‘some risk’’ if they identify fewer than 40 letters per
minute (o25 high risk), fewer than 35 sounds per
minute (o10 high risk), and fewer than 25 nonsense
words (o15 high risk) (Good, Simmons, Kame’enui,
Kaminski, & Wallis, 2002). We combined the score for
each fluency area to get a total reading score. The
combined measure gave us a reliable indication of
general English reading proficiency.

Data Analytic Methods

As noted earlier, we used conventional growth
curve modeling in the initial statistical analyses. The
power of conventional growth curve modeling not-
withstanding, a fundamental limitation of the
method is that it assumes that the observed growth
trajectories are a sample from a single finite popu-
lation of individuals characterized by a single aver-
age status parameter and a single average growth
rate. However, it may be the case that the sample is
derived from a mixture of populations, each having
its own unique growth trajectory. If this is so, then
conventional growth curve modeling applied to a
mixture of populations will result in biased estimates
of growth. Moreover, from an intervention perspec-
tive, the use of conventional growth curve modeling
in the presence of mixtures of populations could
result in a lack of power to detect the influence of
interventions on growth factors. For example, an
intervention may be beneficial for children with
problematic growth trajectories but irrelevant for
children with positive and steep growth trajectories.
Therefore, it is necessary to relax the assumption of a
single population of growth and allow for the pos-
sibility of mixtures of different populations.

Results

The internal reliability estimates for the full number
sense battery as well as the subtests, by time point,
are given in Table 3. Internal consistency for the full
battery is sufficiently high across all four time points
(at least � .8). Reliabilities for individual subtests
were somewhat lower, and thus the data should be
viewed in a cautionary light. Alpha coefficients for
counting and number recognition at Time 1 were
particularly low and internal reliability for number
patterns was low across the time points.

Although not the central purpose of this paper, it
was of interest to examine the dimensionality of the
number sense battery. An exploratory factor analysis
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with maximum likelihood estimation and oblique
rotation via PROMAX was conducted for all four
time points. The results are shown in Table 4. We
initially extracted two and three factors. In all cases,
the three 3-factor solution resulted in a so-called
Heywood case, namely a negative estimated residual
variance. This problem is typically due to an over-
extraction of the number of factors. The two-factor
solution, however, did not result in a Heywood case.

The results in Table 4 show that across the four
time points, the two-factor solution remains stable,
with the first factor indicating ‘‘basic number skills’’
(counting, number recognition, number knowledge,
nonverbal calculation, estimation, and number pat-
terns) and the second factor indicating ‘‘conventional
verbal arithmetic’’ (story problems and number
combinations). The two-factor solution also shows
adequate fit to the data as indicated by the root mean
square error of approximation (RMSEA) (see lower

section of Table 4). Not surprisingly, the factors are
highly correlated, but we do find that the factor
correlations are relatively stable over the time peri-
ods. The factor analyses suggest a certain degree of
construct validity for our number sense battery.
Nevertheless, we view it as important to the main
purpose of this study to examine differences in
growth trajectories on the component subskills of
number sense.

The findings for the baseline conventional growth
curve models are presented next, followed by con-
ventional growth curve models predicting number
sense development with the addition of the covari-
ates of gender, age of entry into kindergarten, and
reading status. We then examine the added contri-
bution of income status to number sense develop-
ment over and above the first three covariates.
Following the presentation of the conventional
growth curve models, we provide the results of the
growth mixture models for the full number sense
battery as well as for a selected set of the subtests.

Conventional Growth Curve Modeling Results

The results of the baseline growth curve models
are shown in Table 5. Because we were interested in
end of kindergarten skills, we centered the intercept
at Time 4. Therefore, intercept coefficients may be
interpreted as kindergarten exit scores. As expected,
the average overall number sense score and subtest
scores at the end of kindergarten were significantly
different from zero (e.g., the predicted average exit
score in overall number sense is 38.34). As can be
seen by the slope coefficients, the linear increase in

Table 3

Cronbach’s Alpha for the Full Number Sense Battery and Individual

Subtests by Time of Testing

Time 1 Time 2 Time 3 Time 4

Full battery .80 .87 .88 .82

Counting skills .25 .39 .41 .49

Number recognition .29 .72 .70 .63

Number knowledge .57 .59 .62 .58

Nonverbal calculation .51 .58 .53 .64

Story problems .58 .71 .73 .77

Number combinations .78 .78 .82 .85

Estimation .42 .37 .41 .47

Number patterns .20 .33 .31 .31

Table 4

Oblique Rotated Factor Loadings for the Number Sense Battery across Times 1 – 4

Time 1 Time 2 Time 3 Time 4

Factor 1 Factor 2 Factor 1 Factor 2 Factor 1 Factor 2 Factor 1 Factor 2

Counting skills .977 � .067 .946 � .083 .899 � .124 � .946 � .105

Number recognition .652 .220 .856 .011 .866 .014 .900 � .012

Number knowledge .665 .278 .827 .092 .761 .156 .761 .177

Nonverbal calculation .529 .339 .495 .396 .567 .349 .459 .448

Story problems .103 .673 � .105 .927 .058 .788 � .066 .940

Number combinations � .077 .881 .075 .724 � .025 .893 .048 .793

Estimation .622 .216 .483 .299 .498 .199 .533 .187

Patterns .769 � .031 .553 .265 .670 .079 .657 .076

r .679 .692 .650 .657

RMSEA (p-value) .062 (.202) .048 (.509) .034 (.775) .059 (.266)

CI (RMSEA) .036, 0.088 .018, 0.076 .000, 0.065 .032, 0.085

Note. CI 5 confidence interval; RMSEA 5 root mean square error of approximation.
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overall number sense was statistically significant as
is the case for all subtests except nonverbal calcula-
tion, estimation, and number patterns. In general, the
rate of acceleration slowed over time as evidenced by
the negative and statistically significant acceleration
parameters for overall number sense, number rec-
ognition, number knowledge, nonverbal calculation,
and number patterns.

Table 6 presents the results of the conventional
growth curve models with the addition of gender,
grand-mean centered kindergarten start age, and
reading proficiency (z score). The coefficients given
in the top portion of the table indicate the predicted
values for girls of an average kindergarten start age
(5 years 7 months) with an average reading score.
Focusing on the effects of the covariates, we found
gender differences at the end of kindergarten favo-

ring males for overall number sense, counting skills,
number knowledge, nonverbal calculation, estima-
tion, and patterns. For example, while girls of aver-
age start age and reading scores were predicted to
score 10.92 on the counting skills subtest at kinder-
garten exit, boys of average start age and reading
scores were predicted to score 0.35 points higher on
this measure. With the exception of overall number
sense, boys did not differ from girls in the linear rate
of growth over time, and there were no gender dif-
ferences in acceleration over time. With regard to
kindergarten start age, age of entry into kindergarten
measured in months was positively associated with
end of kindergarten performance on overall number
sense, number recognition, number knowledge,
nonverbal calculation, story problems, and number
combinations. For every month older that a child

Table 5

Baseline Model: Growth Curve Results for Number Sense Total and Subtasks

Number

sense total

Counting

skills

Number

recognition

Number

knowledge

Nonverbal

calculation

Story

problems

Number

combinations Estimation Patterns

Intercept 38.34� 11.10� 3.58� 3.58� 4.96� 3.02� 3.43� 2.32� 4.03�

Slope 0.66� 0.19� 0.06� 0.06� 0.06 0.12� 0.14� 0.05 � 0.20

Var (intercept) 79.35� 2.50� 0.59� 0.59� �� �� 5.59� 0.68� 0.81�

Var (slope) 0.99 0.12 0.05� 0.05� �� �� 0.11 0.09 0.11

Acceleration variable � 0.07� 0.00 � 0.01� � 0.01� � 0.02� � 0.00 � 0.01 � 0.00 � 0.02�

Note. Var ( ) stands for the variance of the parameters in parentheses.
�po.05. ��Initial fitting of these models resulted in negative variances; therefore, models were re-estimated after fixing variance com-
ponents to zero.

Table 6

Model 1: Growth Curve Results for Number Sense Total and Subtasks with Effects of Gender, Mean-Centered Kindergarten Start Age, and Time 4

Reading z Score

Number

sense total

Counting

skills

Number

recognition

Number

knowledge

Nonverbal

calculation

Story

problems

Number

combinations Estimation Patterns

Intercept 37.21� 10.92� 3.54� 5.92� 4.67� 2.83� 3.23� 2.17� 3.91�

Slope 0.36 0.15� 0.04 0.01 � 0.01 0.10 0.04 0.02 � 0.08

Var (intercept) 49.75� 1.92� 0.38� 1.26� �� �� 3.78� 0.62� 0.79�

Var (slope) 1.49 0.06 0.04 0.05 �� �� 0.07 0.11� 0.12

Acceleration variable � 0.11� � 0.00 � 0.01� � 0.02� � 0.03� � 0.00 � 0.02� � 0.00 � 0.03�

Intercept on male 2.77� 0.35� 0.09 0.30� 0.59� 0.41 0.44 0.31� 0.27�

Slope on male 0.68� 0.10 0.05 0.00 0.12 0.07 0.19 0.05 0.11

Acceleration on male 0.07 0.01 0.01 0.00 0.01 0.00 0.03 0.00 0.02

Intercept on K start age 0.38� 0.03 0.03� 0.06� 0.06� 0.06� 0.08� 0.03 0.03

Slope on K start age 0.01 0.00 0.00 � 0.01 0.00 � 0.01 0.01 0.01 � 0.01

Acceleration on K start age 0.00 0.00 0.00 � 0.00 0.00 � 0.00 0.00 0.00 � 0.00

Intercept on reading score 5.17� 0.56� 0.41� 0.70� 0.76� 1.03� 1.22� 0.29� 0.22�

Slope on reading score 0.06 0.03 � 0.02 � 0.05 0.03 0.05 0.04 0.03 � 0.05

Acceleration on reading score � 0.01 0.00 0.00 � 0.01 � 0.00 � 0.00 � 0.00 0.01 � 0.01

Note. Var ( ) stands for the variance of the parameters in parentheses.
�po.05. ��Initial fitting of these models resulted in negative variances; therefore, models were re-estimated after fixing variance com-
ponents to zero.

162 Jordan, Kaplan, Oláh, and Locuniak



entered kindergarten, her total battery score in-
creased by 0.38 points. Age of entry showed no sig-
nificant relationship to linear growth or acceleration
on any of the subtests. In other words, older children
began kindergarten slightly more advanced in
number sense skills than their younger classmates,
and this difference persisted throughout the year.
With regard to reading proficiency, we found that
better performance on the reading test was associ-
ated with positive and statistically significant per-
formance at the end of kindergarten on overall
number sense and all subtests. Reading proficiency
was not significantly associated with a linear trend
or with acceleration over time.

Table 7 presents the growth curve results when
income status is added to the model. The trajectories
by task, income level, and gender are plotted in Figure
1. Children in the middle-income group performed
significantly better than children from the low-income
group at the end of kindergarten on the overall num-
ber sense battery and on all of the subtests. Further-
more, a significant effect of income status on the slope
suggests that low-income children experienced less
growth on story problems throughout the kindergar-
ten year than middle-income children. No acceleration
effects of income were revealed. The addition of the
income status did not appreciably change the findings
of previous covariates entered into the model.

Growth Mixture Modeling Results

As noted earlier, a goal of this paper was to ex-
plore the extent to which there exist underlying la-
tent classes of growth trajectories in number sense
and subtest performance, and how these latent
growth trajectory classes might be differentially
predicted by the background variables of gender,
kindergarten start age, reading proficiency, and in-
come status. In addition to total battery performance,
we selected the nonverbal calculation, story prob-
lems, and number combinations subtests for further
analysis for two reasons. First, our growth curve
analyses showed divergent trajectories of growth on
these tasks based on gender and income (see Figure
1), which suggested that a growth mixture approach
to the tasks would provide useful information on
how gender and income status may play a role in
defining a population of children who are at risk for
mathematics difficulties. Moreover, these three tasks
assessed manipulation of identical sets of calcula-
tions in three different contexts.

The results of the growth mixture modeling are
displayed in Table 8 for the total number sense and
for the three selected subtests. Frequencies of chil-
dren placed in each class by demographic group and
task are presented in Table 9. The number of children
assigned to classes (369) is slightly smaller than the

Table 7

Model 2: Growth Curve Results for Number Sense Total and Subtasks with Effects of Gender, Mean-Centered Kindergarten Start Age, Time 4 Reading z

Score, and Income Status

Number

sense total

Counting

skills

Number

recognition

Number

knowledge

Nonverbal

calculation

Story

problems

Number

combinations Estimation Patterns

Intercept 39.35� 11.10� 3.62� 6.20� 4.89� 3.31� 3.75� 2.29� 4.12�

Slope 0.53� 0.18� 0.01 0.05 � 0.01 0.19� 0.05 0.04 � 0.10

Var (intercept) 43.50� 1.9� 0.38� 1.01� �� �� 3.23� 0.61� 0.80�

Var (slope) 1.62 0.07 0.04 0.02 �� �� 0.04 0.11� 0.14

Acceleration variable � 0.10� � 0.00 � 0.02� � 0.02 � 0.03� 0.00 � 0.03� � 0.00 � 0.03�

Intercept on male 2.37� 0.32 0.07 0.24 0.55� 0.32 0.34 0.29� 0.23

Slope on male 0.65� 0.09 0.05 � 0.00 0.12 0.06 0.19 0.05 0.11

Acceleration on male 0.07 0.01 0.01 0.00 0.01 0.00 0.03 0.00 0.02

Intercept on K start age 0.36� 0.03 0.03� 0.05� 0.05� 0.05� 0.08� 0.02 0.03

Slope on K start age 0.00 0.00 0.00 � 0.01 0.00 � 0.01 0.01 0.01 � 0.01

Acceleration on K start age 0.00 0.00 0.00 � 0.00 0.00 � 0.00 0.00 0.00 � 0.00

Intercept on reading score 4.47� 0.50� 0.38� 0.60� 0.68� 0.87� 1.05� 0.25� 0.16�

Slope on reading score 0.01 0.02 � 0.01 � 0.07 0.03 0.02 0.04 0.02 � 0.04

Acceleration on reading score � 0.02 0.00 0.00 � 0.01 � 0.00 � 0.01 � 0.00 0.00 � 0.01

Intercept on LOW INCOME � 5.83� � 0.49� � 0.24� � 0.79� � 0.61� � 1.31� � 1.44� � 0.34� � 0.58�

Slope on LOW INCOME � 0.46 � 0.07 0.09 � 0.11 0.01 � 0.25� � 0.04 � 0.05 0.06

Acceleration on LOW INCOME � 0.01 � 0.00 0.00 � 0.02 0.01 � 0.02 0.01 � 0.01 0.01

Note. Var ( ) stands for the variance of the parameters in parentheses.
�po.05. ��Initial fitting of these models resulted in negative variances; therefore, models were re-fit after fixing variance components to
zero.
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Figure 1. Fitted trajectories controlling for grand-mean centered kindergarten start age and time 4 reading score for number sense battery
and subtasks by gender and income status.
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Table 8

Results of Three-Class Growth Mixture Model with Effects of Gender, Grand Mean-Centered Kindergarten Start Age, Reading Score at Exit (z-score), and Income Status Number Sense Battery and

Subtest Scores

Number sense battery Nonverbal calculation Story problems Number combinations

Class#1 Class#2 Class#3 Class#1 Class#2 Class#3 Class#1 Class#2 Class#3 Class#1 Class#2 Class#3

Low/flat Avg/mod High/mod Low/flat High/steep High/mod Low/flat High/mod High/flat low/flat high/steep high/mod

Coefficient

I 28.92� 38.20� 49.88� 3.49� 5.75� 6.67� 2.37� 0.96 6.03� 2.14� 6.16� 6.46�

S � 0.19 0.72 0.92 � 0.51 0.46� 0.36 0.22 � 1.10� 0.29 0.06 1.03 � 0.11

Q � 0.05 0.02 � 0.12 � 0.10 0.03 0.02 0.01 � 0.25� � 0.01 � 0.01 0.04 � 0.07�

I on MALE 1.54 0.50 � 0.20 0.11 0.10� � 0.55 � 0.15 4.22� 0.32 � 0.38� � 0.64 0.28

S on MALE 0.98 0.72 0.16 � 0.03 0.09 0.00 0.03 � 0.08 � 0.39 0.08 0.66 0.12

Q on MALE 0.08 0.13 0.04 � 0.00 � 0.02 0.01 0.003 0.30� � 0.03 0.02 0.14� 0.02

I on K start age 0.81� 0.89� 0.45� � 0.04 � 0.10� 0.07 0.02 � 0.08 0.09 0.06� 0.32� � 0.05

S on K start age 0.01 0.12 � 0.05 � 0.03 � 0.06 0.00 0.01 � 0.13� 0.02 0.02 0.19� 0.01

Q on K start age � 0.00 0.01 0.00 � 0.00 � 0.01 0.01 0.00 � 0.02� 0.00 0.00 0.02� 0.01

I on reading 2.73� � 0.51 � 0.18 0.55� 0.54� 0.16 0.41� 0.27 0.24 0.37� 0.21 0.20

S on reading 0.31 � 0.46 � 0.12 0.04 � 0.30� � 0.02 0.06 � 0.20 � 0.10 0.10 0.20 � 0.03

Q on reading 0.04 � 0.02 0.00 0.00 � 0.05� � 0.01 0.00 � 0.01 � 0.02 0.01 0.05 � 0.00

I on LOW INCOME 1.02 � 2.85 � 2.00 � 0.23 0.21 � 0.62 � 0.68� 1.43 � 0.86 � 0.40� 0.99 1.14�

S on LOW INCOME 0.20 � 0.59 � 0.38 0.21 0.10 0.09 � 0.29� 0.20 0.28 � 0.07 0.22 � 0.11

Q on LOW INCOME 0.01 � 0.08 � 0.05 0.05� 0.03 � 0.03 � 0.03 � 0.08 0.05 � 0.00 � 0.02 � 0.05

Final class proportions 0.29 0.40 0.31 0.44 0.30 0.26 0.70 0.14 0.16 0.61 .13 0.26

Note. I 5 intercept; S 5 linear slope; Q 5 quadratic.
�po.05.
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sample size of 411 children because missing data
prevented some children from being assigned to a
particular trajectory class.

Considering the total number sense battery, we
found three distinct classes that are labeled accord-

ing to their kindergarten exit level relative to the
average (low, average, or high) as well as their
growth rate (flat, moderate, or steep growth). We
characterized these three classes as ‘‘low/flat’’,
‘‘avg/mod,’’ and ‘‘high/mod’’ based on the shapes

Table 9

Frequencies of Children Placed in Each Class, by Demographic Group, for Number Sense Battery, Nonverbal Calculation, Story Problems, and Number

Combinations (n 5 369)

Class #1 Class #2 Class #3 Total

Number Sense Battery Low/flat 102 children Avg/mod 155 children High/mod 112 children

Gender

Male 48 (47%) 77 (50%) 68 (61%) 193 (52%)

Female 54 (53%) 78 (50%) 44 (39%) 176 (48%)

Income status

Mid-income 30 (29%) 121 (78%) 97 (87%) 248 (67%)

Low-income 72 (71%) 34 (22%) 15 (13%) 121 (33%)

Mean age at kindergarten entry (years) 5.75 (0.33) 5.50 (0.25) 5.58 (0.25) 5.58 (0.33)

Mean letter naming fluency score 28.82 (14.80) 37.56 (14.97) 52.12 (14.72) 39.57 (17.35)

Mean phoneme segmentation score 20.17 (16.83) 30.79 (18.76) 39.66 (14.14) 30.54 (18.45)

Mean nonsense word fluency score 14.78 (11.65) 21.40 (13.15) 40.20 (23.99) 25.28 (19.69)

Nonverbal calculation Low/flat 91 children High/steep 148 children High/mod 168 children

Gender

Male 38 (42%) 74 (50%) 102 (61%) 214 (53%)

Female 53 (58%) 74 (50%) 66 (39%) 193 (47%)

Income status

Mid-income 44 (48%) 99 (67%) 128 (76%) 271 (67%)

Low-income 47 (52%) 49 (33%) 40 (24%) 136 (33%)

Mean age at kindergarten entry (years) 5.50 (0.25) 5.58 (0.33) 5.67 (0.33) 5.58 (0.33)

Mean letter naming fluency score 29.57 (16.28) 39.31 (16.67) 45.40 (15.83) 39.60 (17.31)

Mean phoneme segmentation score 22.72 (18.76) 31.40 (19.52) 33.95 (16.55) 30.47 (18.49)

Mean nonsense word fluency score 14.54 (12.34) 25.57 (18.40) 30.89 (21.63) 25.57 (19.70)

Story problems Low/flat 260 children High/mod 54 children High/flat 55 children

Gender

Male 121 (46%) 53 (98%) 19 (35%) 193 (52%)

Female 139 (54%) 1 (2%) 36 (65%) 176 (48%)

Income status

Mid-income 148 (57%) 50 (93%) 50 (91%) 248 (67%)

Low-income 112 (43%) 4 (7%) 5 (9%) 121 (33%)

Mean age at kindergarten entry (years) 5.58 (0.25) 5.67 (0.33) 5.67 (0.33) 5.58 (0.33)

Mean letter naming fluency score 35.33 (15.83) 48.54 (16.81) 50.78 (16.64) 39.57 (17.35)

Mean phoneme segmentation score 26.65 (19.42) 31.82 (15.94) 38.93 (14.12) 30.54 (18.45)

Mean nonsense word fluency score 19.10 (13.32) 25.98 (16.49) 39.26 (25.69) 25.28 (19.69)

Number combinations Low/flat 223 children High/steep 50 children High/mod 96 children

Gender

Male 109 (49%) 27 (54%) 57 (59%) 193 (52%)

Female 114 (51%) 23 (46%) 39 (41%) 176 (48%)

Income status

Mid-income 119 (53%) 38 (76%) 91 (95%) 248 (67%)

Low-income 104 (47%) 12 (24%) 5 (5%) 121 (33%)

Mean age at kindergarten entry (years) 5.58 (0.33) 5.50 (0.25) 5.75 (0.25) 5.58 (0.33)

Mean letter naming fluency score 34.29 (15.65) 39.42 (16.70) 51.90 (15.17) 39.57 (17.35)

Mean phoneme segmentation score 26.65 (19.42) 31.82 (15.94) 38.93 (14.12) 30.54 (18.42)

Mean nonsense word fluency score 19.10 (13.32) 25.98 (16.49) 39.26 (25.69) 25.28 (19.69)

Note. Percentages inside parentheses refer to within task model classification. Other values in parentheses indicate standard deviations.

166 Jordan, Kaplan, Oláh, and Locuniak



of the trajectories (see Figure 2). The bottom of Table
8 shows that approximately 29%, 40%, and 31% of
the sample fell into these three classes, respectively.
Class labels and latent class proportions for the re-
maining subtests are also displayed in Table 8. The
trajectories for total number sense as well as for the
three subtests are plotted by class in Figure 2.

Turning to the influence of the predictor variables
within each class for total number sense, there were no
gender or income differences across the three tra-
jectory classes. There was a positive and statistically
significant association between the age of entry into
kindergarten and exit number sense score across the
three classes of total number sense, meaning that
children who are older when they enter kindergarten
demonstrate significantly better exit number sense
scores than their younger counterparts. We found
that reading proficiency was significantly associated
with total number sense score at the end of kinder-
garten, but only for children in the low/flat class. In
other words, children in the low/flat class who were
better readers ended kindergarten with better num-
ber sense performance. This suggests that skill de-
velopment in reading may be beneficial for low-
performing children, but has no statistically signifi-
cant effect for children already performing better in
math.

We also found three distinct classes with respect
to the nonverbal calculation task: ‘‘low/flat’’, ‘‘high/
steep,’’ and ‘‘high/mod.’’ Approximately 44%, 30%,
and 26% of our sample falls into these classes, re-
spectively. Although there were two classes of chil-

dren who did not demonstrate statistically
significant growth in nonverbal calculation in kin-
dergarten, there was also a group of children (high/
steep) whose skills in this area grew throughout
kindergarten, allowing them to exit with above-av-
erage scores on this task.

The only gender difference occurred on the non-
verbal calculation exit score for the high/steep class,
but this difference of 0.10 points on the subtask score
was minimal. Likewise, the negative effect of kin-
dergarten start age on task performance for children
in the class was not large: for every month older that
a child began kindergarten, that child scored an av-
erage of 0.10 points lower on nonverbal calculation at
the end of the year. The more interesting findings
occurred in reading. Reading score at kindergarten
exit is significantly and positively associated with
the nonverbal calculation performance of children in
the low/flat and high/steep classes. Furthermore,
the children in the high/steep class received an ad-
ditional benefit of reading on nonverbal calculation
growth and acceleration. In sum, reading ability
played a significant role in the growth and exit per-
formance of nonverbal calculation skills, but only for
children in the high/steep class.

Analysis of children’s performance on story prob-
lems also revealed three distinct classes: low/flat,
high/mod, and high/flat. Of the children in the
sample, 70%, 14%, and 16% of the children fell into
these three classes, respectively. As can be seen from
Table 5, gender appeared to have a very large and
significant effect on story problems skills at the end
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Figure 2. Fitted trajectories controlling for gender, grand-mean centered kindergarten start age, and time 4 reading score by growth
mixture class.
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of kindergarten for children in the high/mod class.
Upon further investigation, however, we found that
this class consisted of 53 boys and only 1 girl;
therefore, the effect of gender was overestimated.
Kindergarten start age had a small but statistically
significant effect on growth and acceleration in story
problems performance, but only for the children in
the high/mod class. Reading showed significant ef-
fects only on story problems exit score for the low/
flat class alone. Income status, however, had a more
notable effect on this task: children in the low/flat
class from low-income households scored an average
0.68 points lower at the end of kindergarten and
grew an average of 0.29 points slower per month in
story problems skill throughout kindergarten than
did children from middle-income households in the
same class.

On number combinations, children fell into three
classes: low/flat, high/steep, and high/mod. The
distribution of children into these classes was 61%,
13%, and 26%, respectively. Significant linear growth
was not observed for any class; there was a four-
point discrepancy on exit scores between the low/
flat class on the one hand and the high/steep and
high/mod classes on the other, as can be seen by
comparing the data presented in the first line of
Table 8. Gender had an effect on number combi-
nations score for the low/flat class alone. Among
these children, boys scored an average 0.38 points
lower than girls at the end of the kindergarten
year. Among the high/steep class, boys experi-
enced slightly faster growth during the year. Age
of kindergarten entry seemed particularly relevant
for children in the high/steep class: children scored
an average of 0.32 points higher on number com-
binations for every month later they enrolled in
kindergarten. The children in this class also gained
an additional 0.19 points per kindergarten month
and an acceleration of 0.02 points per month for
every month later they started kindergarten. Kin-
dergarten start age also had a small but positive
effect on number combinations score for children
in the low/flat class. Reading, on the other hand,
affected only the exit score in number combina-
tions for children in the low/flat class. Income had
different effects on kindergarten exit score depend-
ing on class. Children from low-income households
in the low/flat class, for example, scored 0.40 points
lower on number combinations at the end of the
year than did children from mid-income house-
holds in the same class. Low-income children in the
high/mod class, however, scored 1.14 points higher
at exit than did middle-income children in the same
class.

Multinomial Logistic Regression Analyses

An important additional analysis derived from
the application of growth mixture modeling is the
prediction of class membership as a function of the
background variables via multinomial logistic re-
gression. Multinomial logistic regression provides
the odds of a child being assigned to one growth
trajectory class versus another based on whether the
child is male (or female), low income (or middle in-
come), a good reader (or a poor reader), or started
kindergarten earlier (or later). Multinomial logistic
regression coefficients were estimated within the
MPlus software program, and the odds ratios are
displayed in Table 10. For these analyses, Class # 3
for the total number sense battery and subtests was
used as the comparison group (see Table 8).

Table 10

Odds of Class Assignment (with Class #3 as Comparison) for Number

Sense Battery, Nonverbal Calculation, Story Problems, and Number

Combinations

Number Sense Batterya

Class #1 (low/flat) Class #2 (avg/mod)

MALE 0.33 MALE 0.48

K start age 1.32� K start age 1.01

Time 4 reading score 0.07� Time 4 reading score 0.25�

LOW INCOME 17.29� LOW INCOME 1.36

Nonverbal Calculationb

Class #1 (low/flat) Class #2 (high/steep)

MALE 0.49 MALE 0.85

K start age 0.87 K start age 1.04

Time 4 reading score 0.47 Time 4 reading score 0.50�

LOW INCOME 1.30 LOW INCOME 0.39

Story Problemsc

Class #1 (low/flat) Class #2 (high/mod)

MALE 1.09 MALE 169.02e

K start age 0.92 K start age 1.02

Time 4 reading score 0.43� Time 4 reading score 1.60

LOW INCOME 4.39� LOW INCOME 0.70

Number Combinationsd

Class #1 (low/flat) Class #2 (high/steep)

MALE 0.46� MALE 0.69

K start age 0.90 K start age 0.77�

Time 4 reading score 0.30� Time 4 reading score 0.50�

LOW INCOME 10.49� LOW INCOME 4.44�

aComparisons are made with Number Sense Battery Class #3
(high/moderate).
bComparisons are made with Nonverbal Calculation Class #3
(high/moderate).
cComparisons are made with Story Problems Class #3 (high/flat).
dComparisons are made with Number Combinations Class #3
(high/moderate).
eStory problems, Class #2 consisted of 53 boys and 1 girl; therefore,
the effect of gender is overestimate.
�po.05.
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Examining the results for total number sense, we
found that children who were older when they en-
tered kindergarten, had lower reading proficiency
and were of low-income status had greater odds of
being in the low/flat class versus the high/mod class.
For example, the kindergarten start age coefficient
can be interpreted as indicating that for every month
older a child began kindergarten that child had 1.32
times greater odds, or was approximately one-third
times more likely, of falling into the low flat versus
the high/mod class. The low-income coefficient in-
dicates that children of low-income status were 17.29
times more likely to be assigned to the low/flat class
rather than the high/mod class when compared with
their middle-income peers. In contrast, children with
better reading scores had lower odds of being in both
the low/mod or avg/mod class relative to being in
the high/mod class. Reading skill was the only var-
iable that differentiated the avg/mod class from the
high/mod class in number sense, but kindergarten
start age, reading skill, and income status differenti-
ated the low/flat class from the high/mod class. In
other words, better reading performance will in-
crease a child’s odds of a high number sense exit
score whether or not the child is in the avg/mod or
the low/flat class. Low-income status, on the other
hand, gives a child greater odds of having low end-
of-kindergarten number sense scores.

Looking at the coefficients for the nonverbal cal-
culation task, we found that children with lower
kindergarten exit scores in reading had lower odds
of being in the high/steep versus the high/mod
class. Results from the story problems task showed
that poorer readers had lower odds of being in the
high/flat class versus the low/flat class. Low-in-
come children had greater odds of being in the low/
flat class versus the high/flat class. (The significant
gender difference on story problems [between the
high/mod and the high/flat class] must be inter-
preted cautiously, as the high/mod class contained
only one girl.)

The results from the number combinations task
showed that low-income girls and poorer readers
had higher odds of being in the low/flat versus the
high/mod class. Children who entered kindergarten
at an older age, children with lower reading scores,
and middle-income children had lower log-odds of
being in the high/steep versus the high/mod class.

In sum, low income status and poor reading skill
consistently increase children’s odds of starting and
ending kindergarten at a low level on the number
tasks, with the exception of nonverbal calculation. It
should be noted, however, that the effects for income
are much greater than the effects for other predictors.

Discussion

We tracked the development of number sense in 411
children over four time points during kindergarten.
Children’s performance and growth were examined
while controlling for background variables of income
level, gender, age, and reading skill. We looked at
children’s level of performance at the end of kin-
dergarten as well as their rates of growth from the
beginning to the end of kindergarten. All children
received essentially the same math curriculum
throughout the school year. There did not appear to
be large differences between classes or schools in
terms of math exposure. Although our number sense
battery showed good reliability across the various
time points (4.8), individual subtests were less re-
liable and should be interpreted with caution.

Two-Dimensional Model of Number Sense

A factor analysis addressed the extent to which
our number sense tasks cluster together. Our battery
was two dimensional across all time points: the first
dimension involving basic number skills (counting,
number recognition, number knowledge, nonverbal
calculation, estimation, and number patterns) and
the second dimension involving conventional arith-
metic (story problems and number combinations).
This two-dimensional model corresponds with
quantity discrimination and verbal sequential factors
of mathematics proficiency reported by Okamoto
and Case (1996) using similar methods of analysis.
The model is also in keeping with Berch’s (2005)
discussion of the lower and higher order features of
number sense. Lower order number sense is char-
acterized by elementary knowledge about quantity,
such as counting and comparing numerical mag-
nitudes (Dehaene, 2001), whereas secondary skills
that result from conventional educational activities
characterize higher order number sense. Nonverbal
calculation involves a more basic arithmetic ability,
one that emerges after the approximate skills of in-
fancy but before the conventional skills of arithmetic
(Huttenlocher et al., 1994). Likewise, counting skills,
estimation, and knowledge of number magnitudes
underpin school arithmetic (Aunola et al., 2004;
Geary, 1995).

Development of Number Sense

Growth curve analyses revealed significant linear
growth throughout kindergarten in most areas of
number sense. We found three distinct growth
classes for our overall battery as well as for the se-
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lected calculation subtests (nonverbal calculation,
story problems, and number combinations). Al-
though the characteristics of growth classes varied
somewhat between tasks, we generally found a
group of children who ended kindergarten at a low
level with flat growth, another group of children
who ended kindergarten at a high level with mod-
erate to steep growth, and a final group of children
who ended kindergarten at an average level with
moderate growth. Previous longitudinal work with a
sample of Finnish children (Aunola et al., 2004)
identified two classes of growth in math achieve-
ment, namely low performers and high performers.
Our data, using a more heterogeneous sample, fur-
ther captured a class that starts kindergarten at a
relatively low level but makes moderate to fast
growth during the year. It is likely that our multi-
ethnic U.S. sample had more diversity in terms of
preschool experiences than the Finnish sample,
which could account for the identification of a third
class in our growth mixture results. Identification of
these unique growth classes is important for differ-
entiating children in obvious need of intervention
(e.g., low/flat) from those who are likely to make
progress with minimal or no special help (e.g., avg/
mod).

Social Class

A primary goal of our study was to examine
number sense development in children from low-
income households. Although social class differenc-
es in number-related skills have been documented
(e.g., Ginsburg & Russell, 1981; Jordan et al., 1994;
Starkey et al., 2004), few investigations have studied
young children longitudinally with multiple time
points. Holding other background variables con-
stant, low-income children in the present study fared
poorly on most of our number sense tasks relative to
their middle-income peers. Yet children in both in-
come groups progressed at similar rates on many
tasks. A notable exception was on story problems,
where low-income kindergartners showed almost no
growth from the beginning to the end of the year,
even when we accounted for reading proficiency.
Story problems are a conventional task that requires
children to perform arithmetic calculations embed-
ded in sentences. Story problems are demanding not
only in terms of basic arithmetic but also in terms of
language and auditory attention (Fuchs et al., in
press; Levine et al., 1992). Although many kin-
dergartners fell into the low-flat growth class for
story problems, a low-income kindergartner was
four times more likely to be in this class than his or

her middle-income peers. A similar pattern was ob-
served on number combinations, where a low-in-
come child was much more likely to fall in the low/
flat class than a middle-income child. Interestingly,
both income groups made comparable progress
when the same calculations were presented in a
nonverbal context with visual referents. The findings
corroborate those of Huttenlocher and colleagues
(Huttenlocher et al., 1994; Levine et al., 1992), which
revealed that nonverbal calculation abilities are less
sensitive to social class than are conventional story
problems. Our divergent story problem trajectories
show that the income gap widens in kindergarten,
despite comparable math instruction, and low-in-
come children are likely to enter first grade with a
genuine disadvantage in problem solving. It should
be noted that story problems and number combina-
tions were not introduced into the curriculum until
relatively late in the year. Therefore, a possible sce-
nario is that middle-income children are acquiring
these skills outside the classroom while low-income
children are not. In other words, it is not necessarily
the case that low-income children are unresponsive
to instruction in these areas. It should also be noted
that that there may have been classroom differences
between low- and middle-income children that were
not revealed in the present study. For example, many
of our low-income children attended a full-time
kindergarten program (with the addition of special
subjects, such as art) whereas all of our middle-in-
come children attended a part-time program. In any
case, because math becomes more dependent on
verbal skills in primary school and difficulties in
story problems and arithmetic combinations are de-
fining characteristics of math difficulties (Jordan et
al., 2002), kindergarten or early first grade may be an
important time to intervene with high-risk children.

Gender

Overall, our findings suggest that gender differ-
ences in math emerge as early as kindergarten. There
were small, but statistically reliable, gender effects
on kindergarten level performance on overall num-
ber sense, nonverbal calculation, and estimation. In
each case, boys showed an advantage over girls, and
the findings held above and beyond income level,
age, and reading ability. There is also a greater per-
centage of boys in high performing classes on overall
number sense (61% vs. 39%) and on nonverbal cal-
culation (61% vs. 39%) when background variables
are controlled for. A gender effect was also reported
in previous work with school-age children (Jordan et
al., 2003a) where third-grade boys performed better
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than girls on tasks assessing place value, estimation
(i.e., approximate arithmetic), and mental computa-
tion. Although Aunola et al., (2004) did not find
gender differences in level of performance, they
found that boys achieved at a faster rate in primary-
school math, especially among high performing
classes of children. We did not see gender differences
in growth rates in kindergarten. Although our gen-
der effects may be small in practical terms, they are
consistent and could help explain some of the gender
differences in math problem solving that are present
in later years (Hyde, Fennema, & Lamon, 1990).

Note that the skills on which boys seem to have an
advantage (e.g., nonverbal calculation) involve spa-
tial reasoning as well as some manipulation of
quantities or numerical magnitudes (Baroody &
Gatzke, 1991; Dehaene, Spelke, Pinel, Stanescu, &
Tsivkin, 1999). The finding raises the question of
whether there are cognitive explanations for gender
differences in early math (Geary, 1998). Interestingly,
a consistent finding in the literature on spatial cog-
nition is that males have an advantage over females
in spatial cognition when it is measured by mental
rotation tasks or by spatial judgments about moving
objects (Casey, Nuttal, & Pezaris, 1997; Royer, Tron-
sky, Chan, Jackson, & Marchant, 1999). Of course,
there may also be explanations related to socializa-
tion and motivation such that boys are encouraged
more than girls on number tasks, even at an early age
(Aunola et al., 2004; Eccles, Janus, & Harold, 1990).

Reading

Reading proficiency at the end of kindergarten
was a significant predictor of performance on all
number sense measures (but not of rate of growth)
even when we considered other background varia-
bles. Leppanen et al. (2004) also reported a relation-
ship between early reading and number skills and
Jordan et al. (2002) found that children with mathe-
matics difficulties who are good readers make better
progress in math achievement than children with
mathematics difficulties who are poor readers. Recall
that we assessed reading with a standard measure of
word-level fluency skills, that is, letter naming,
nonsense word reading, and phoneme segmentation.
It is possible that the kindergarten reading score re-
flected some kind of general verbal cognitive ability.
Supporting this notion, Jordan and Hanich (2003)
report that elementary school children with both
reading and math difficulties have lower IQ scores
than do children with mathematics difficulties only
or children with reading difficulties only. However,
the data may also reflect a relationship between

school-related skills and early home experiences
(Saxe et al., 1987). In any case, reading difficulties are
a correlate of math difficulties (Leppanen et al., 2004)
and should be viewed as a risk factor.

Age

As expected, age was a significant predictor of
overall number sense performance at the end of
kindergarten. Older children began kindergarten
slightly more advanced than their younger peers and
this difference held throughout the school year. Of
course, the age effects are small in practical terms,
and it remains to be seen whether age will predict
math achievement in subsequent grades. Reading
researchers have found that although older kin-
dergartners have stronger emergent literacy skills
than younger kindergartners, age is not a good pre-
dictor of reading achievement at the end of the first
and second grades (Crone & Whitehurst, 1999).

The present kindergarten study is the initial phase
of a longitudinal investigation of children’s mathe-
matics from kindergarten through third grade. Re-
maining questions include the extent to which
kindergarten number sense predicts achievement in
primary school, the extent to which growth classes in
kindergarten predict growth classes in elementary
school, and the extent to which income, gender, and
age effects hold, become greater, or attenuate in el-
ementary school. We will also continue to look at
children’s reading development as well as the role of
general cognitive abilities in children’s rate of
achievement in math.
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Appendix: Growth Mixture Modeling

This appendix provides a brief technical overview of
growth mixture modeling. The growth mixture model is
part of a general analytic framework for the analysis of
continuous and categorical latent variables. For an over-
view of the general analytic framework including growth
mixture modeling, see Muthén (2004).

In line with the discussion given in Kaplan (2003)
growth mixture modeling begins by combining conven-
tional growth curve modeling (e.g. Raudenbush & Bryk,
2002) with latent class analysis (e.g., Clogg, 1995) under the
assumption that there exists a mixture of populations each
defined by unique growth trajectories. In this respect,
growth mixture modeling is more flexible than conven-
tional growth curve modeling which assumes a single
population generating the empirical growth trajectories.

An extension of latent class analysis sets the ground-
work for growth mixture modeling. Specifically, latent
class analysis can be applied to repeated measures at dif-
ferent time points. This is referred to as latent class growth
analysis (LCGA) (see e.g., Nagin, 1999). As with latent
class analysis, LCGA assumes homogenous growth within
classes. Growth mixture modeling, by contrast, relaxes the
assumption of homogenous growth within classes and is
capable of capturing two important forms of heterogeneity.
The first form of heterogeneity is captured by individual
differences in growth through the specification of the
conventional growth curve model. The second form of
heterogeneity is more fundamentalFrepresenting hetero-
geneity in classes of growth trajectories.

The specification of the growth mixture model is similar
to that given for the conventional growth curve model. The
difference, as noted, lies in allowing there to be different
growth trajectories for different classes. Specifically, we
hypothesize there exists a latent categorical variable ci

composed of K classes (k 5 1, 2, . . . K) The ith student be-
longs to one of the K classes and the classes are mutually
exclusive and exhaustive. The growth parameters are ob-
tained via the conventional growth curve model defined as

yti ¼ Z0i þ Z1iati þ eti; ð1Þ

where yti is a continuous outcome measure at time t for
student i, ati is a time measure for person i such as age,
grade, time point of study, etc., where for simplicity, we
will require ati 5 at meaning that the time metric is com-
mon to all individuals. The random growth factors Z0i and
Z1i represent the status and rate of growth, respectively,
and eti is a random error component. An acceleration pa-
rameter can also be accommodated in this specification.

The specification of the growth mixture model allows
the random growth factors Z0i and Z1i to vary over latent
classes through their means, variances, and covariances.
Specifically, let
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Z0i ¼ a0k þ g00kxi þ z0i;

Z1i ¼ a1k þ g01kxi þ z1i;

where a0k and a1k are the average intercept and average
rate of growth that vary over the classes, respectively. The
parameters g0k and g1k relate the time-invariant covariates
x to the random growth factors and also allowed to vary
over classes, and the z’s are random disturbance terms
which are assumed to be constant over the latent classes.
The specification in Equation (2) demonstrates the flexi-
bility of the growth mixture modeling approachFnamely
that the role of covariates in predicting growth may be
different across substantively different trajectory classes.

The growth mixture model also allows covariate infor-
mation contained in x to influence class membership di-
rectly via a multinomial logistic regression. Specifically, the
multinomial logistic regression giving the probability of
membership in class k given background covariate infor-
mation x can be written as

pðci ¼ kjxiÞ ¼
eb0kþb1kxi

PK
k¼1 eb0kþb1Kkxi

; ð3Þ

where a given class K is chosen as the reference class, with
coefficients bok and b1k fixed to zero.

Estimation of the growth mixture model is carried out
using maximum likelihood of the EM algorithm (Demps-
ter, Laird, & Rubin, 1977) as implemented in the Mplus
software program (Muthén & Muthén, 2004). Technical
details can be found in Muthén and Shedden (1999).

A sequence of modeling steps have been suggested for
the application of growth mixture modeling and is utilized
in this paper. To begin, the researcher specifies an a priori

number of trajectory classes based on theory or inspection
of empirical growth trajectories. Selecting among models
with differing numbers of classes can be determined in
three ways. First, one can select the best model by an in-
spection of the Bayesian Information Criterion (BIC). The BIC
is a measure that balances the fit of the model with a
penalty function for adding parameters to the model. If
one attempts to improve the fit of the model by adding a
new trajectory class, then the BIC will increase unless the
additional trajectory class improves the fit of the model.
Thus, we are interested in the smallest BIC among a variety
of competing specifications. A plot of the BIC values
against models that specify varying numbers of classes can
be used to ascertain the number of classes. The model with
the lowest BIC value is recommended.

Second, one can look at the posterior probability of
being assigned to a particular class. The precision of group
assignment is suggested by classes with substantively
large numbers of assigned units.

Third, one can examine the utility of the number of
classes in terms of substantive considerations. For exam-
ple, prior knowledge of the incidence of problematic math
development in the population could be used to determine
if certain classes contain reasonable numbers of children.

Following the determination of the number of latent
classes, one can add predictors of the latent classes model,
thus fully specifying a growth mixture model. However,
the addition of covariate information can influence latent
trajectory class determination, and so it is essential to re-
examine the statistical and substantive utility of the latent
trajectory classes using the methods just outlined.
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