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Scientists have studied the development of the human mind for decades and
have accumulated an impressive number of empirical studies that have provided
ample support for the notion that early cognitive performance during infancy and
childhood is an important predictor of later cognitive performance during adulthood. As
children move from childhood into adolescence, their mental development increasingly
involves higher-order cognitive skills that are crucial for successful planning, decision-
making, and problem solving skills. However, few studies have employed higher-order
thinking skills such as complex problem solving (CPS) as developmental outcomes in
adolescents. To fill this gap, we tested a longitudinal developmental model in a sample
of 2,021 Finnish sixth grade students (M = 12.41 years, SD = 0.52; 1,041 female,
978 male, 2 missing sex). We assessed working memory (WM) and fluid reasoning
(FR) at age 12 as predictors of two CPS dimensions: knowledge acquisition and
knowledge application. We further assessed students’ CPS performance 3 years later
as a developmental outcome (N = 1696; M = 15.22 years, SD = 0.43; 867 female, 829
male). Missing data partly occurred due to dropout and technical problems during the
first days of testing and varied across indicators and time with a mean of 27.2%. Results
revealed that FR was a strong predictor of both CPS dimensions, whereas WM exhibited
only a small influence on one of the two CPS dimensions. These results provide strong
support for the view that CPS involves FR and, to a lesser extent, WM in childhood and
from there evolves into an increasingly complex structure of higher-order cognitive skills
in adolescence.
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Introduction

“Study the past if you would define the future.”
Confucius (551 - 479 BC)

This quote from the Chinese philosopher Confucius offers an
astonishingly accurate reflection of the central message found in
current research on the development of human cognition: early
performance levels on cognitive ability tests strongly predict later
test performance, thus recognizing that cognitive skills in infancy
provide a window into cognitive ability later (Bornstein et al.,
2006, 2013; Rose et al., 2008). For instance, early indicators of
information processing at the age of 12 months predict levels of
intellectual functioning at the age of 48 months on verbal and
non-verbal tests of cognition (Blaga et al., 2009). Indeed, a wealth
of developmental studies has contributed to the extant body of
literature that highlights the stability of cognitive performance
from infancy to adolescence and even beyond (Kavsek, 2004;
Bornstein et al., 2006, 2013; Demetriou et al., 2008). Thus,
there is conceptual and empirical agreement that early cognitive
performance is highly relevant for intellectual functioning and
cognitive performance later in life (Bornstein, 2014). However, it
is also acknowledged that there is room for change and that this
relation is not deterministic (e.g., Hoff and Tian, 2005; Tong et al.,
2007; Bornstein et al., 2013).

The majority of the extant empirical research on the
development of human intellect views abilities, such as
fluid reasoning (FR) or working memory (WM), as the
final developmental outcomes (see Bornstein, 2014 for an
overview). However, when children enter adolescence, it is
well acknowledged that cognitive development increasingly
involves higher-order cognitive processes that transcend FR,
such as planning, inhibitory control, decision-making, and
problem solving (Asato et al., 2006; Conklin et al., 2007).
For instance, Asato et al. (2006) found that inhibitory control
was the strongest predictor of performance on the problem
solving task Tower of London in participants between the
ages of 8 and 30 and that inhibitory control demonstrated
strong maturation during adolescence (cf. Albert and Steinberg,
2011). That is, as the human mind unfolds, it advances from
applying fundamental information-processing skills all the way
to using complex higher-order thinking processes, and this
development continues well into adolescence (Galotti, 2011).
Consequently, higher-order thinking processes are considered
crucial determinants of life success and lifelong learning (Autor
et al., 2003; OECD, 2012). For instance, Mayer and Wittrock
(2006) highlight that making students good problem solvers
is one of the greatest challenges in education, and they stress
knowledge of how problem-solving skills evolve as one of the
central questions currently faced by scientists around the globe.
Important for this study, only a few empirical efforts have
integrated higher-order thinking skills as outcome variables into
developmental studies of the human mind. That is, although our
understanding of the development of cognition in adolescence
has substantially advanced in recent years, the role of higher-
order thinking skills in this development is, on the whole, not
fully understood.

This study focuses on complex problem solving (CPS) as a
prototypical skill that reflects higher-order cognitive processes.
In line with Bloom’s taxonomy of higher-order thinking (Bloom
et al,, 1956), CPS involves analyzing, applying, synthesizing, and
evaluating new information. For instance, when dealing with CPS
tasks, students have to actively generate information, observe
and incorporate feedback, react to changes in the problem
situation that are not directly related to their own actions, adjust
their own interventions, and apply self-regulation to achieve
a correct solution (Funke, 2010; Wiistenberg et al., 2012). In
this, CPS requires problem solvers to build complex mental
representations and apply multistep solutions in opaque (ie.,
intransparent) and dynamically changing problem situations and
fast-paced decision-making environments (Novick and Bassok,
2005; Osman, 2010). Conceptually, CPS is composed of two
overarching dimensions: knowledge acquisition and knowledge
application. Knowledge acquisition describes the process of
gathering information in an unknown problem situation
and translating this knowledge into a mental representation
of the underlying problem structure (Wiistenberg et al.,
2012). Knowledge application describes the specific use of
the previously gathered knowledge in an attempt to find a
workable solution to the problem at hand (Novick and Bassok,
2005).

Due to the relevance of CPS and the higher-order thinking
skills related to it, the arguably most acknowledged and most
comprehensive international large-scale educational assessment,
the Programme for International Student Assessment (PISA),
included a measure of CPS in its most recent cycle in
2012 (OECD, 2014). PISA takes place in 3-years cycles and
measures 15-years-old students’ achievement across more than
70 countries worldwide in mathematics, science, and reading
but has increasingly focused on transversal and higher-order
thinking skills. With the inclusion of CPS in PISA, the need
for psychometrically sound assessment instruments became
paramount, and a number of new assessment approaches to
CPS were developed, among them the MicroDYN approach
(Wiistenberg et al., 2012), the Genetics Lab (Sonnleitner et al.,
2013), and the MultiFlux system (Kroner et al., 2005). Further,
in the attempt to better understand the nomological network
of CPS, cross-sectional studies have shown that CPS is related
to but, at the same time, substantially different from other
cognitive abilities, such as FR (Wiistenberg et al., 2012) and
WM (Schweizer et al, 2013). Both FR and WM are usually
considered hallmark indicators of human intellect (McGrew,
2009) and have frequently been used as developmental outcomes.
Broadly, McGrew (2009, p. 5) defines FR as “the use of deliberate
and controlled mental operations to solve novel problems that
cannot be performed automatically,” whereas WM is understood
as “the ability to apprehend and maintain awareness of a limited
number of elements of information in the immediate situation.”
However, there are a number of conceptual differences between
CPS on the one hand and FR and WM on the other. In
particular, CPS involves active and planned exploration of a
dynamically changing environment going considerably beyond
simple problem solving that is part of the definition of FR.
These unique aspects of CPS are neither part of the definition
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of FR and WM nor of their operationalizations (Raven, 2000;
Wiistenberg et al., 2012). In this study, FR and WM serve as
predictors of CPS. Simple problem solving and inductive thinking
processes that are considered part of FR are fundamental for the
cognitive processes involved in CPS (Wiistenberg et al., 2012). In
addition to this, WM is a conceptual precursor of CPS because
it limits the amount of information that can be concurrently
stored when solving a complex problem (Wirth and Klieme,
2003). However, FR is expected to be a stronger predictor of
CPS because FR involves cognitive processes that are directly
relevant for CPS, whereas WM only sets the upper range for the
information directly accessible when no further external aid is
available.

Beyond its relation to FR and WM, the relevance of CPS as
an educational outcome in itself has been shown by a number
of recent studies that have corroborated its empirical value in
predicting outcome variables. For instance, CPS is a strong
predictor of academic (Wiistenberg et al., 2012; Greiff et al,,
2013b) and occupational achievement (Danner et al., 2011) and
incrementally predicts these outcomes beyond FR and WM.
However, despite this interest in CPS as an important outcome
and its development, studies on the relations between CPS and
other cognitive abilities have all been cross-sectional in nature.
The only longitudinal study on CPS was conducted by Frischkorn
et al. (2014). Using a sample of about 300 students, the authors
showed that CPS proficiency moderately increased over a rather
short period of 2 years and that FR predicted this development.
However, not much more is known about the antecedents of CPS
and even less about the factors that influence its development. To
address this limitation, the present study aimed at providing new
evidence for the development of CPS as a cognitive ability that
is composed of several higher-order thinking skills (Wirth and
Klieme, 2003; Griffin et al., 2012; Greiff et al., 2013b). In this, we
derived two hypotheses:

Hypothesis 1 (H1): FR and WM will longitudinally predict
both CPS knowledge acquisition and CPS knowledge
application 3 years later.

Hypothesis 2 (H2): Compared with WM, FR will be a stronger
longitudinal predictor of CPS knowledge acquisition and
knowledge application.

With the aim of conceptually and empirically expanding our
understanding of CPS and how it evolves, we used a large sample

of Finish sixth grade students to longitudinally investigate for the
first time ever how FR and WM, as two hallmark indicators of
human cognition, (McGrew, 2009), influence the development
of CPS in concert over a 3-year period of time. To assess CPS,
we employed the MicroDYN approach that was part of the
assessment of CPS in the PISA 2012 survey.

Materials and Methods

Participants?

This study initially employed a sample composed of all 2,057 sixth
graders in a Southern Finnish municipality (M = 12.41 years,
SD = 0.52; 1,051 female, 987 male, 19 missing sex) who attended
school on the day of testing. Testing at Time 1 took place during
weeks 17-20 in 2010. All students provided demographic data
and worked on a paper-based test battery that included WM and
FR measures. Testing at Time 2 was conducted during weeks
10-12 in 2013 There, students worked on a computer-based
online test battery that included CPS. Tests were administered by
teachers either in classrooms (Time 1) or in the schools’ computer
labs (Time 2).

For our analyses, we excluded the data of all students who had
not worked on any of the measures used in our analyses, yielding
a final data set of 2,021 students (M = 12.41 years, SD = 0.52;
1,041 female, 978 male, 2 missing sex). Of these 2,021 students,
1,696 participated in the panel study at Time 2 (M = 15.22 years,
SD = 0.43; 867 female, 829 male), implying that some data were
missing because families moved to another municipality, some
individual students were ill on the day of testing, and the online
test administration led to some technical problems, particularly

This study was part of an official municipal evaluation of learning to learn. The
cohort study was commissioned and the research design with scales were approved
by the local Education Department. The same scales and design have been used also
in national educational evaluations commissioned by the Ministry of Education
and Culture, and by the Finnish National Board of Education, based on the Basic
Education Act (1999). The measures and design have been approved, in relation
with another study, also by the Ethical Committee of Finnish National Institute
for Health and Welfare. In the beginning of the longitudinal follow-up study, all
parents were informed by a letter.

2The data were drawn from a panel study. The sample gathered at Time 2 was
used in other publications (e.g., Vainikainen, 2014; Wiistenberg et al., 2014), for
instance, to investigate cross-sectional relations between CPS and other constructs.
This paper includes the first longitudinal analyses that combined the data collection
(including CPS) in 2013 with earlier data collection. Thus, the analyses that
longitudinally evaluate the determinants of CPS knowledge acquisition and CPS
knowledge application are unique.

TABLE 1 | Means, SD, correlations, and internal consistencies of the constructs.

Construct M SD McDonald’s @ 1 2 3 4 5 N

(1) Deductive reasoning (FR)() 0.49 0.23 0.64 - 1978
(2) Scientific reasoning (FR) 0.32 0.28 0.95 0.40** - 1948
(3) Working memory 0.57 0.25 0.83 0.28** 0.32%* - 1949
(4) CPS Knowledge Acquisition 0.36 0.27 0.95 0.29** 0.32** 0.26** - 1244
(5) CPS Knowledge Application 0.38 0.28 0.90 0.28** 0.33** 0.31** 0.56** - 1106

Means, SDs, and correlations were computed in SPSS based on manifest scores. Manifest scores were scaled to range from O to 1. Internal consistencies were calculated
using McDonald’s (1999) w coefficient with w = (X 2/)2/([ z /1;]2 + X)), where J; are the factor loadings and d; the residual variances. FR, fluid reasoning. (M For deductive
reasoning, one item had to be excluded due to a non-significant loading on the respective factor. **p < 0.001.
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on the initial days of testing (see Table 1 for the sample size for
each construct). Nevertheless, we used all available information in
our analyses; that is, we included data from all 2,021 students even
if not all of them provided data on each measure. Missing data
varied across indicators and time with a mean of 27.2%. Little’s
MCAR test revealed that data were missing completely at random
(x2 = 22106.051, df = 22333, p = 0.859).

Measures

Working Memory

Working memory at Time 1 was measured with an adaption
of the arithmetic subtest of the Wechsler Adult Intelligence
Scale — Revised (WAIS-R: Wechsler, 1981). Teachers read aloud
eight arithmetical problems one after another (e.g., If you
buy two bus tickets and one ticket costs 3 euros 50 cents,
how much money do you get back if you give 10 euros?).
Students then provided written answers within predefined time
limits. The items targeted children’s ability to focus and to
keep information available in WM while solving arithmetical
problems. According to the delineation presented by Oberauer
et al. (2000), the items represented WM with a high loading on
the functional factor storage and transformation of information
within the numerical content category. Each item was scored as
correct or incorrect (ie., 1 or 0), resulting in eight indicators
of WM.

Fluid Reasoning

Fluid reasoning at Time 1 was measured with one deductive
and one scientific reasoning test. The first test was a subtest of
the Ross Test of Higher Cognitive Processes (Ross and Ross,
1976) that targeted deductive reasoning. It has been used to
assess the higher-order thinking of students in an international
context (e.g., Hopson etal., 2001) and to measure cross-curricular
outcomes of education in Finland (Hautamaiki et al., 2010). For
each of eight items, students were presented a premise (e.g.,
The temperature of Lake Saimaa is 5°C) and a conclusion (e.g.,
Lake Saimaa is too cold for swimming) and had to choose
a second premise from several alternatives (e.g., Most lakes
are too cold for swimming; It is wintertime; 5°C water is too
cold for swimming; Lake Saimaa is always cold; Swimming in
cold water is no fun) that made the conclusion true (i.e., 5°C
water is too cold for swimming). The test measures deductive
reasoning because it requires the ability to reason and draw
specific conclusions when given general conditions (McGrew,
2009). The items were coded as correct or incorrect (i.e., 1
or 0), resulting in eight indicators of deductive reasoning. The
second test was a modified version (see Hotulainen et al,
2014) of Shayer’s (1976) science reasoning task “Pendulum,’
which is based on one of the formal operational schemata
identified by Inhelder and Piaget (1958). The original task has
been modified in a way that it includes five items that tap
late concrete-level and three items that tap early formal-level
thinking (Hautamaki, 1989). The context was changed from
a science-type experimental situation to a well-known context
of Formula 1 (see Hotulainen et al.,, 2014). The students’ task
was to find out whether the effect of a certain variable (i.e.,
driver, car, tires, and track) on the time per lap could be

identified. In items one to six, students were provided with a
predefined set of comparisons (e.g., two different cars; same
drivers, tires, and tracks) and were asked to evaluate whether
the effect of the variables (e.g., cars) on the output variable
could be measured accurately. For the last two tasks, the students
were given a goal (e.g., to test the effect of “cars”) and were
asked to mark the variables that needed to be varied to achieve
the goal. This test has been used in Finnish national large-
scale assessments and was validated using representative as
well as small-scale samples in Finland (see Hotulainen et al.,
2014). For the eight tasks that all required reflective abstraction,
such as controlling and excluding certain variables, students
evaluated whether the given information could produce a
certain conclusion or not. The items were coded as correct or
incorrect (ie., 1 or 0), resulting in eight indicators of scientific
reasoning.

Complex Problem Solving

Complex problem solving at Time 2 was measured with
intransparent and dynamically changing problem situations
that were based on the MicroDYN approach. Whereas
earlier approaches measuring CPS use one complex task
including a great number of problem elements, MicroDYN
implements multiple tasks varying in difficulty that can
be administered in less than 1 h with a small number of
problem elements. MicroDYN tasks are based on linear
structural equations and include usually up to three input
variables that are related to up to three output variables (see
description of an example item below). Advantages of the
MicroDYN approach are high reliability, little dependence
of performance indicators, and application of tasks with
appropriate difficulty tailored to the CPS proficiency of
participants (for more information on the MicroDYN approach,
see Wiistenberg et al., 2012; Greiff et al., 2013b). With regard
to validity, MicroDYN showed significant correlations with
other CPS measures in a multitrait-multimethod approach
including three different CPS tasks in which the CPS factor
explained additional variance in school grades above and
beyond FR (Greiff et al, 2013a). Tasks that were based
on the MicroDYN approach and that were similar to
tasks used in this study were applied in PISA (see OECD,
2014).

In each of the nine CPS tasks applied in this study, students
were tested on their ability to generate new knowledge (i.e., CPS
knowledge acquisition) and to apply this knowledge (i.e., CPS
knowledge application). CPS knowledge acquisition and CPS
knowledge application are considered the two core dimensions of
problem solving (Novick and Bassok, 2005). Empirical research
on the dimensionality of CPS has frequently shown that the
two dimensions are distinct; that is, two-dimensional models
result in better model fit than one-dimensional models (e.g.,
Kroner et al., 2005; Wiistenberg et al., 2012). CPS knowledge
acquisition and not CPS knowledge application measured with
MicroDYN was also shown to explain variance in grade
point average, even beyond reasoning measures (Greift et al.,
2014). These results emphasize the importance of considering
both dimensions instead of a second-order CPS factor that is
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composed of CPS knowledge acquisition and CPS knowledge
application.

In MicroDYN, each of the nine CPS tasks consisted of one
knowledge acquisition item and one knowledge application item,
which were administered separately in two distinct phases. For
instance, in the task Planting Pumpkins (see Figure 1), the
knowledge acquisition item asked students to find out how input
variables (e.g., fertilizers with fictitious names such as Florabor,
Natromix, Solurax) were related to output variables (e.g., the size
and taste of the pumpkins; Figure 1). The students identified the
relations by moving sliders that changed the amounts of the input
variables (e.g., increasing the use of the fertilizer Solurax) and by
observing the effect on the output variables. However, the state of
the output variables could also change independent of students’
actions (e.g., the size of a pumpkin could increase by itself). While
engaging in this active exploration, the students also had to draw
a causal model to represent the assumed relations between the
variables. CPS knowledge acquisition was scored as correct or
incorrect (i.e., 1 or 0) depending on the accuracy of the students’
model. In the knowledge application phase, the correct model was
presented to students, and they had to achieve given target goals
in a maximum of four steps. For instance, students had to increase
the size of the pumpkins. CPS knowledge application was scored
as correct or incorrect (i.e., 1 or 0) depending on whether all
goals were reached. In total, CPS was measured with 18 items (i.e.,

nine for CPS knowledge acquisition and nine for CPS knowledge
application).

Gender
Gender was used as a covariate in all models with female students
being categorized as 1 and male students as 2.

Statistical Analyses

We used structural equation modeling in Mplus 7.1 (Muthén and
Muthén, 2010) and SPSS for descriptive statistics. Weighted least
squares mean and variance adjusted (WLSMYV) estimation with
pairwise present approach was used for parameter estimation
in structural equation models because the manifest indicators
of WM, FR, and CPS were dichotomous (Muthén and Muthén,
2010)°. Measurement models of constructs were evaluated using
confirmatory factor analysis. Residuals of manifest indicators
were modeled as not being correlated in all analyses. Model
fit was evaluated by applying standard fit indices such as the
confirmatory fit index (CFI; values greater than 0.95 indicate

3We also ran an additional model in which we used imputed data (i.e.,
TYPE = basic in Mplus with five imputed datasets). This additional model
yielded comparable results that did not differ substantially from analyses based
on data without imputations. However, difftest procedures for model comparisons
in Mplus are not available for imputed data. Thus, we present results based on
non-imputed data in this paper to be able to compare Models A through D.

Find out about the relations and plot them in the model!

Florabor

- - A + ++

Round 2

© I

Natromic

Solurax

FIGURE 1 | Screenshot of the MicroDYN item Planting Pumpkins in the
knowledge acquisition phase. Students are asked to manipulate the input
variables Florabor, Natromic, and Solurax (see left upper side) to find out how

they are related to the two output variables Taste and Size (see right upper side).
Simultaneously to the exploration, students are asked to draw relations between
variables in the mental model as they suppose.
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good fit; values greater than 0.90 indicate acceptable fit; Hu and
Bentler, 1999) and the root mean square error of approximation
(RMSEA; values less than 0.06 indicate good fit; values less than
0.08 indicate acceptable fit; Marsh et al., 2005).

We used the baseline Model A as starting point for testing
our two hypotheses (see Figure 2), in which we utilized
WM (measured with eight items) and a second-order FR
factor including scientific reasoning (eight items) and deductive
reasoning (eight items) as predictors. FR and WM were allowed
to correlate. Gender (as a covariate) was used as an additional
predictor of CPS knowledge acquisition and CPS knowledge
application and was allowed to correlate with FR and WM.
CPS knowledge acquisition (nine items) and CPS knowledge
application (nine items) were used as criteria and were allowed
to correlate.

To investigate Hypothesis 1, Model A was tested against two
alternative models in which either the effect of WM on both
CPS dimensions was constrained to be zero (i.e., Model B) or the
effect of FR on both CPS dimensions was constrained to be zero
(i.e., Model C). These constraints resulted in more parsimonious
models that would be preferred if the fit of the respective model
was not significantly worse than the fit of Model A, implying
that one of the predictors may not be needed in the longitudinal
prediction of CPS. To investigate Hypothesis 2, Model A was
tested against Model D, in which the effects of WM and FR were
constrained to equality. If Model A did not show a significantly
better fit than Model D, then FR could not be considered stronger
than WM in predicting CPS.

Results

Descriptive statistics and manifest correlations are presented in
Table 1, revealing significant relations between all the constructs
that were employed to test the longitudinal relations. To measure
internal consistency, McDonalds w was applied (Table 1).
McDonalds w takes size of factor loadings into account when
estimating the proportion of test variance due to the latent factors
(Zinbarg et al., 2005). Internal consistencies were appropriate for
population-level analyses.

With regard to CPS, a two-dimensional model including
CPS knowledge acquisition and CPS knowledge application
as separate factors (x> = 307.347, df = 134, p < 0.001;
CFI = 0.988, RMSEA = 0.032) revealed a better fit (x>-difference
test' = 84.965, df = 1, p < 0.001) than a one-dimensional
model (y? = 446.524, df = 135, p < 0.001; CFI = 0.978,
RMSEA = 0.043), in which all items were combined under one
first-order factor. In this two-dimensional measurement model,
CPS knowledge acquisition and CPS knowledge application
were highly correlated (r = 0.84, p < 0.001). The one-
dimensional measurement model of WM revealed good fit
(x% =38.209, df =20, p =0.008; CFI = 0.990, RMSEA = 0.022),
whereas the second order factor model for FR with scientific
reasoning and deductive reasoning as first order factors revealed

“Differences in model fit were estimated using the x 2-difference test procedure in
Mplus (see Muthén and Muthén, 2010) because x2-differences between models
could not be compared directly by subtracting x2s and dfs when the WLSMV
estimator was used.

FIGURE 2 | The longitudinal prediction of CPS knowledge acquisition
and CPS knowledge application by fluid reasoning (FR) and working
memory (WM; Model A). We controlled for gender by regressing CPS
knowledge acquisition and CPS knowledge application on gender; gender was
allowed to correlate with FR and \WM; only significant paths are displayed (i.e.,
effect sizes of non-significant paths are mentioned in the text). Gender was not

Deductive
Reasoning R ... Re=31™ Item 1
Fluid A _/~ Knowledge A0t
Reasoning v Acquisition -92** »
Scientific
Reasoning .55™
64" 76"
R2=.49™
Item 1
e Working 18" Knowledge 54+
o 68" Memory Application 85" .
.18™
Gender
Time 1 Time 2

significantly correlated with FR (- = —0.058, SE = 0.03, 95% CI [-0.115,
0.000], p = 0.05). Ellipses represent latent constructs; rectangles represent
measured variables. Numbers adjacent to paths are standardized coefficients.
Numbers adjacent to the item indicators of latent constructs represent the range
of factor loadings. WLSMV estimation was used for parameter estimation.
Gender categories are: 1 = female; 2 = male. *p < 0.05, **p < 0.001.
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TABLE 2 | Goodness of fit indices for structural models.

Structural models X2 df p CFI RMSEA Compare Ax2" Adf) p

with
Model A: Final model (see Figure 2) 2402.311 808 <0.001 0.947 0.031 - - - -
Model B: WM path to CPS knowledge application constrained to zero 2409.365 809 <0.001 0.947 0.031 Model A 12.924 1 < 0.001
Model C: FR paths to CPS outcomes constrained to zero 2430.892 810 <0.001 0.946 0.031 Model A 45214 2 < 0.001
Model D: FR and WM paths to CPS outcomes constrained to be equal 2439.703 810 <0.001 0.946 0.032 Model A 21.717 2 < 0.001

Models B-D represents alternative models that were identical to Model A (see Figure 2) except that specific paths were constrained. The y? and df values were estimated
with the WLSMV estimator to obtain the CFl and RMSEA as fit indices. (1) Differences in model fit were estimated using the 952 -difference test procedure in Mplus (see
Muthén and Muthén, 2010) because y?-differences between models could not be compared directly by subtracting x2s and dfs when the WLSMV estimator was used.

WM, working memory; FR, fluid reasoning; CPS, complex problem solving.

acceptable fit with regard to CFI but not with regard to
RMSEA (x2 = 1535.683, df = 89, p < 0.001; CFI = 0911,
RMSEA = 0.090). In the measurement model of deductive
reasoning one item had to be excluded due to a non-significant
factor loading (B = 0.002, p = 0.97). However, this measurement
model for FI fit significantly better (2-difference test = 129.114,
df =1,p <0.001) than a one-dimensional model (x% =1729.559,
df =90, p < 0.001; CFI = 0.899, RMSEA = 0.095). In summary,
we used a two-dimensional model for CPS, a second order model
for FI, and a one-dimensional model for WM when conducting
analyses with several constructs in structural equation modeling.

With Hypothesis 1, we expected that both FR and WM would
longitudinally predict both CPS knowledge acquisition and CPS
knowledge application 3 years later while controlling for gender
differences (see Model A depicted in Figure 2). The model
showed a good overall fit with regard to RMSEA and adequate
fit with regard to CFI (see Table 2). The predictors WM and FR
were strongly related to each other, r = 0.638, SE = 0.03, 95% CI
[0.576, 0.700], p < 0.001. Crucially for longitudinal development,
CPS knowledge acquisition was predicted by FR (B = 0.514,
SE = 0.07, 95% CI [0.38, 0.65], p < 0.001), but not by WM
(B = 0.067, SE = 0.07, 95% CI [—0.07, 0.20], p = 0.34), and
CPS knowledge application was predicted by both FR (f = 0.550,
SE = 0.08, 95% CI [0.40, 0.70], p < 0.001) and WM (B = 0.180,
SE = 0.08, 95% CI [0.03, 0.33], p = 0.02) while controlling
for gender. Gender, which was considered as covariate in our
analyses, was related to WM (8 = 0.177, SE = 0.03, p < 0.001)
and CPS knowledge application (f = 0.174, SE = 0.04, p < 0.001)
indicating a somewhat higher performance for male students, but
not to FR (B = —0.058, SE = 0.03, p = 0.05) and CPS knowledge
acquisition (B = 0.061, SE = 0.03, p = 0.07). Further, Model A
showed a better fit than both alternative Models B and C (see the
y2-difference tests in Table 2). That is, the models in which either
the significant effect of WM on CPS knowledge application was
constrained to zero (Model B) or the significant effects of FR on
both CPS dimensions were constrained to zero (Model C) showed
a worse fit than the model that included both predictors (Model
A). These results clearly point toward the importance of WM
and FR for the development of CPS. In summary, Hypothesis 1
was supported except that WM predicted only CPS knowledge
application.

With Hypothesis 2, we expected that FR would predict the
two CPS dimensions more strongly than WM would while
controlling for gender. First, path coeflicients of FR predicting

CPS dimensions were higher than the path coefficients of WM
predicting CPS dimensions in Model A. This pointed toward
a stronger effect of FR. To test whether this difference was
significant, we compared the model fit of Model A with the fit of
the alternative Model D, in which the effects of WM and FR were
constrained to equality (see Table 2). Again, Model A revealed a
significantly better fit than the alternative Model D.

In summary, Hypothesis 1 was (mostly) supported and
Hypothesis 2 was supported, showing that FR longitudinally
predicted CPS knowledge acquisition, both FR and WM
longitudinally predicted CPS knowledge application, and FR was
a stronger predictor of CPS than WM. These findings provide
support for longitudinal links between these two cognitive
abilities and CPS.

Discussion

This study set out to investigate the longitudinal relations
between FR and WM measured at Time 1 as predictors of
CPS knowledge acquisition and CPS knowledge application
measured 3 years later at Time 2. The results of our test of
Hypothesis 1 revealed that FR was a precursor of both CPS
dimensions in a model that controlled for gender as covariate,
whereas WM was related only to CPS knowledge application
and not to CPS knowledge acquisition when considered together
with FR. Further, as indicated by the results of our test of
Hypothesis 2, FR was a stronger predictor of CPS than WM
was, thus highlighting the particular importance of FR for the
longitudinal development of both CPS knowledge acquisition
and CPS knowledge application. Gender as a covariate showed
small positive relations to WM and CPS knowledge application,
indicating that boys somewhat outperformed girls.

This pattern of results provides further support for the well-
known finding that fundamental cognitive abilities serve as
precursors of advanced cognitive abilities later in life (e.g., Rose
et al., 2008; Bornstein, 2014) and that cognitive development
increasingly involves higher-order thinking skills as children
grow older (Galotti, 2011; Albert and Steinberg, 2011). At the
same time, the current study extends the existing literature
on the development of human cognition by introducing CPS
as developmental outcome that involves aspects of complex
cognition (Funke, 2010) and that seems to evolve on the
basis of fundamental cognitive abilities, such as FR and WM,
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as shown in our test of Hypothesis 1. These findings also have
implications for educational policy and teaching. As already
noted, making students good problem solvers is key to good
education (Mayer and Wittrock, 2006) and CPS as a transversal
skill has recently received attention in large-scale assessments
such as PISA (OECD, 2014). It is therefore of utmost importance
to increase understanding of how CPS skills emerge and manifest
themselves. Undeniably, the identification of developmental
trajectories is a necessary prerequisite for any attempt to improve
children’s higher-order thinking skills.

In addition to enriching our understanding of the
development of the human mind, the current study complements
existing research on CPS that has primarily been based on
cross-sectional studies. For instance, cross-sectional studies
provided initial evidence that CPS is related to both FR and
WM, although more strongly to FR (cf. Wiistenberg et al., 2012;
Schweizer et al, 2013). The pattern of results reported here
provides further support for the strong relevance of FR and the
somewhat less relevance of WM when longitudinally predicting
CPS as shown in our test of Hypothesis 2. Interestingly, in
this study, WM was related only to CPS knowledge application
but not to CPS knowledge acquisition. This might be due to
the specific operationalization of MicroDYN as the measure
of CPS. During the assessment of CPS knowledge acquisition,
students were allowed to draw a causal model in MicroDYN
while they explored the problem space, reducing the load on
WM. In the assessment of CPS knowledge application, students
had to coordinate their manipulations of the variables to reach
certain goals, requiring them to mentally consider the effect of
multiple interventions simultaneously and to think several steps
ahead. Thereby, a higher cognitive load was produced in the
CPS knowledge application phase than in the CPS knowledge
acquisition phase. This might explain why only knowledge
application was significantly predicted by WM even though FR
was a notably stronger predictor of CPS (Hypothesis 2).

There are several limitations to this study that need to
be considered. For instance, the WM assessment we applied
contained WM tasks with arithmetical content. In turn, this
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