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OPEN DATA

Building on rich training literature, we examined which skills constituting the control-of-variables strategy (CVS)
benefit from a comprehensive training, and which develop similarly during content-focused inquiry at ages 10—
12. In addition, we examined whether prior knowledge, reasoning abilities, and reading comprehension explain
variation in intervention effects. In a within-classroom, controlled field-experiment, half of N = 618 children
from schools located in the German-speaking part of Switzerland were randomly assigned to a training on
the CVS, and the other half to an active control group engaging in content-focused inquiry. Mixed-effects models
revealed that the CVS training improved children’s skills in planning controlled experiments and understanding
the indeterminacy of confounded experiments, whereas it did not show specific effects on children’s skills in
identifying and interpreting controlled experiments. Children with better reasoning abilities and reading compre-
hension showed the strongest intervention effects on the more difficult skills. The general and differential effects
of training remained mostly stable after a period of 6 months. More basic CVS skills seem to develop without
targeted training, whereas more advanced ones benefit most from training that meets learners’ preconditions.

that induce cognitive activation.

Educational Impact and Implications Statement

Children’s understanding of more difficult aspects of controlled experimentation benefits from training,
particularly for those with better reasoning abilities and reading comprehension. These findings encour-
age teaching more advanced aspects of experimentation already in elementary school, which can have
visible developmental impact on children’s understanding. Classroom-based trainings should consider
heterogeneity in children’s cognitive abilities and be designed such that all children’s understanding
benefits, for example, through providing sufficient guidance and support through structured activities

Keywords: control-of-variables strategy, scientific reasoning, experimental study, elementary school,

differential effects

Supplemental materials: https://doi.org/10.1037/edu0000799.supp

The abilities to design controlled experiments and draw valid con-
clusions from experimental outcomes are core competences, along
with further experimentation skills such as formulating research ques-
tions and reasoning the conclusions. These competences are consid-
ered as a major goal in STEM (science, technology, engineering,
and mathematics) education and are listed in the educational standards

of many countries (e.g., D-EDK, 2016; National Research Council,
2012). A central strategy for conducting controlled experiments is
described as the control-of-variables strategy (CVS; Chen & Klahr,
1999): In order to conduct a controlled experiment, the experimenter
needs to keep all variables constant, “controlling” for their influence,
except for one focal variable whose effects are being tested.
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The CVS is the core strategy behind more advanced scientific
reasoning skills such as complex problem-solving (Greiff et al.,
2015), it is applicable both in scientific and everyday contexts
(Song & Black, 1992), and it predicts science achievement beyond
more general reasoning skills (Bryant et al., 2015). Consequently,
the question arises how an understanding of the rationale behind
the CVS, and the competence to put it into practice when design-
ing and interpreting experiments, develop, and how these skills
can be fostered by targeted training. This has been a major
research topic in research on scientific reasoning and broader cog-
nitive development that has provoked ongoing exchange among
science educators and psychologists (Edelsbrunner et al., 2018;
Schwichow, Christoph, et al., 2016; Schwichow, Croker, et al.,
2016; Schwichow, Zimmerman, et al., 2016; Zimmerman, 2007).

Rich literature on CVS training interventions shows that core under-
standing of the CVS can be successfully improved by targeted educa-
tional interventions (Chen & Klahr, 1999; Schwichow, Christoph, et
al., 2016; Schwichow, Croker, et al., 2016; Schwichow, Zimmerman,
et al., 2016). A fact that has been widely overlooked in the
CVS-training literature is that the CVS encompasses multiple subskills
that differ in their cognitive affordances and developmental trajectories
(Bullock et al., 2009; Schwichow et al., 2020). In addition, CVS is cor-
related with general and more specific cognitive abilities, such as log-
ical reasoning and reading comprehension, which might explain
variations in individuals’ developmental trajectories and in the effects
of trainings (Edelsbrunner et al., 2018; Wagensveld et al., 2015).
This raises the question how CVS trainings building on the available
literature benefit different CVS subskills, and how their benefits depend
on learners’ preconditions for learning such as their cognitive abilities.

In the present study, we systematically consider differential effects
of a CVS training, considering both the differential difficulties of dif-
ferent CVS subskills to be learned, and the individual cognitive pre-
conditions of the learners. Specifically, at ages 1012, we examine
which CVS subskills are affected by explicit training, and which skills
develop during an active control intervention that is also inquiry-
based, but does not involve explicit instruction of the CVS. In addi-
tion, we examine how learners’ cognitive preconditions (prior knowl-
edge, general reasoning, reading comprehension) affect their learning
gains. The overall aim of this study is to examine which skills gain
from a targeted training, which in the present study’s context is
when children are 1012 years old, and to what extent the benefit of
the training depends on learners’ individual cognitive preconditions.

The Emergence of CVS From Preschool to Adolescence

There is a long tradition in studying the acquisition of the CVS in
cognitive-developmental and educational psychology (Inhelder &
Piaget, 1958; Koslowski, 1996; Kuhn & Phelps, 1982; Siegler &
Liebert, 1975; for a review, see Zimmerman, 2007). Against the
early assumption that children under the age of 12 are cognitively
unable to develop CVS skills (Inhelder & Piaget, 1958), numerous
studies have demonstrated younger children’s capabilities in recogniz-
ing controlled experiments and interpreting experimental outcomes
(Kuhn, 2002). Sodian et al. (1991) found that, although first and sec-
ond graders showed problems in spontaneously generating causal
hypotheses and planning controlled experiments, they nonetheless
were able to identify conclusive tests and distinguish them from non-
conclusive ones. Bullock and Ziegler (1999) delivered consistent find-
ings on a task requiring the identification and planning of adequate

tests of hypotheses and the relations between variables in third- to
sixth-graders. Children had to choose between provided experimental
designs that were either confounded or controlled for testing a given
hypothesis. On average, by the age of approximately 8 years, children
preferred unconfounded comparisons over confounded ones. Progress
in mastering CVS in the course of elementary school was also found
by Osterhaus et al. (2017), particularly for less complex tasks that
encompass a limited number of easily identifiable variables.

Such findings indicate that, at least to some degree, understanding of
the CVS is already in place prior to secondary education (Bullock &
Ziegler, 1999; Koerber et al., 2015; Koerber & Osterhaus, 2019).
They also show the importance of distinguishing between different
subskills of CVS when examining its development. Despite the some-
times considerable skills in young children, their ability to apply the
CVS is still fragile, for instance when results are not in accordance
with their beliefs (Croker & Buchanan, 2011; Gopnik & Schulz,
2004; Sodian et al., 1991). Many children are able to generate hypoth-
eses to confirm their existing beliefs, but they do not see the necessity
to also seek counterevidence (Croker & Buchanan, 2011; Kuhn et al.,
1995; Schauble, 1996). Moreover, although children’s average CVS
competence is constantly increasing during elementary school
(Koerber et al., 2015), a considerable number of children do not
develop CVS skills on their own (Zimmerman, 2000, 2007, for
reviews). Mastery of CVS remains difficult even for some adults
(Bullock et al., 2009). In addition, not all skills constituting the CVS
develop concurrently. In the study by Bullock and Ziegler (1999),
for example, already 8-year-olds preferred unconfounded comparisons
over confounded ones, which Bullock and Ziegler referred to as choice
tasks. In contrast, when children were asked to design their own exper-
iments, which Bullock and Ziegler referred to as production tasks, even
in sixth grade only about 40% planned controlled comparisons.
Osterhaus et al. (2020) found that in accordance with Bullock and
Ziegler (1999), third graders mostly succeeded in selecting a controlled
experiment among multiple alternatives. When asked to interpret the
effects of confounded comparisons, in accordance with findings of
Kuhn et al. (1988), they still struggled with understanding the inherent
indeterminacy of such designs. Overall, these results show that
whereas some CVS skills and broader scientific reasoning skills
develop during regular schooling, driven through informal and casual
learning opportunities, other skills are less driven by these factors.
More advanced skills such as planning controlled comparisons and
understanding the indeterminacy of confounded comparisons appear
to require more targeted learning opportunities.

In accordance with these findings, recent studies discuss that
the CVS consists of multiple distinct subskills that are rarely sys-
tematically differentiated (Schwichow, Christoph, et al., 2016;
Schwichow, Croker, et al., 2016; Schwichow, Zimmerman, et al.,
2016). These subskills differ in their cognitive affordances and
developmental patterns. Building on a commonly used definition
of the CVS by Chen and Klahr (1999), Schwichow, Christoph, et
al. (2016), Schwichow, Croker, et al. (2016), and Schwichow,
Zimmerman, et al. (2016) provides a categorization of four different
subskills of the CVS. Table 1 provides an overview of the four skills
and how these have been labeled in related research.

The first skill is the identification of a controlled experiment from
among multiple alternative designs. This skill has been shown to
develop in many children at about ages 8-10 (e.g., Bullock &
Ziegler, 1999). The second skill, interpretation, denotes the ability
to draw the correct inference from a controlled design. This skill
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Table 1

Overview of CVS Subskills, Their Assessment, and Results Regarding Their Age of Development in Recent Research

Subskill Description Comparable tasks for testing subskill Age of development
Interpretation Ability to draw the correct CVS (IN) tasks (Schwichow, Christoph, et al., 2016; Development is relatively early (kindergarten), but
(IN) inference from a controlled Schwichow, Croker, et al., 2016; Schwichow, not in all children (Koerber & Osterhaus, 2019;

design

Identification
(D) design among multiple
alternative designs

Zimmerman, et al., 2016)

Ability to identify a controlled Choice-tasks (Bullock & Ziegler, 1999); ramp task
(Chen & Klahr, 1999); CVS (ID) tasks
(Schwichow, Christoph, et al., 2016; Schwichow,

Schwichow, Christoph, et al., 2016; Schwichow,
Croker, et al., 2016; Schwichow et al., 2020;
Schwichow, Zimmerman, et al., 2016)

Development at 8—10 years (Bullock & Ziegler,
1999; Sodian et al., 1991)

Croker, et al., 2016; Schwichow, Zimmerman,

et al.,, 2016)
Planning Ability to plan controlled Production-tasks (Bullock & Ziegler, 1999) Development from early to middle adolescence, but
experiments not for all (Schwichow et al., 2020)
Understanding ~ Understanding of the Data-interpretation task (Kuhn, 1988); understanding Development, if any, in adolescence (Schwichow,
(UN) interdeterminacy of experiments UNEX (Osterhaus et al., 2015); CVS Christoph, et al., 2016; Schwichow, Croker, et
confounded experiments (UN) tasks (Schwichow, Christoph, et al., 2016; al., 2016; Schwichow et al., 2020; Schwichow,
Schwichow, Croker, et al., 2016; Schwichow, Zimmerman, et al., 2016)
Zimmerman, et al., 2016)
Note. CVS = control-of-variables strategy.

also develops relatively early in many, although not in all children
(Schwichow, Christoph, et al., 2016; Schwichow, Croker, et al.,
2016; Schwichow et al., 2020; Schwichow, Zimmerman, et al.,
2016). The third skill, planning a controlled experiment, requires
more active involvement from individuals in designing correctly
controlled comparisons. Schwichow et al. (2020) found that many
but not all individuals develop this skill during early- to mid-
adolescence. Finally, understanding the indeterminacy of con-
founded experiments and thus the impossibility of drawing reliable
inferences from such designs, appears to be the most demanding
skill (Schwichow, Christoph, et al., 2016; Schwichow, Croker, et
al., 2016; Schwichow, Zimmerman, et al., 2016). This skill is not
developed in elementary school children who otherwise show
some CVS proficiency (Osterhaus et al., 2020), and some individu-
als do not develop a thorough understanding of this aspect through-
out adolescence (Schwichow et al., 2020). The first and fourth of the
listed skills, identification of a controlled experiment and under-
standing the indeterminacy of confounded designs, not only relate
to the CVS principle, but they can also be seen as part of the skills
required to examine interactions.

Overall, psychometric and developmental investigations indicate
that planning controlled experiments and understanding the indeter-
minacy of confounded designs are the two most difficult among
these four skills, and also the last skills to develop (Osterhaus, et
al., 2020; Schwichow, Christoph, et al., 2016; Schwichow,
Croker, et al., 2016; Schwichow et al., 2020; Schwichow,
Zimmerman, et al., 2016). This raises the question how to best
train all subskills of the CVS in one comprehensive training, partic-
ularly those that appear to require educational support before chil-
dren enter secondary school.

How to Train the CVS

Numerous intervention studies have investigated whether and
how mastery of the CVS can be promoted through systematic train-
ing (e.g., Chen & Klahr, 1999; Dean & Kuhn, 2007; Klahr, 2005;
Klahr & Nigam, 2004; Kuhn & Dean, 2005; Strand-Cary &

Klahr, 2008). Some studies found that elementary school children
can be successfully instructed in applying the CVS, particularly
by direct instruction and by guided inquiry (Chen & Klahr, 1999,
2008; Klahr & Nigam, 2004; Matlen & Klahr, 2013; Schalk et al.,
2019; Strand-Cary & Klahr, 2008). Direct instruction and inquiry
activities can achieve sustainable learning gains and lead to transfer
across time and tasks (Chase & Klahr, 2017; Lorch et al., 2010,
2014). This relates to meta-analytic evidence showing that guidance
is pivotal in inquiry-based learning (Lazonder & Harmsen, 2016).
Guidance at varying levels of specificity can help learners in obtain-
ing information from experiments, and it can positively affect
inquiry skills.

Although by far not all intervention studies succeed in training the
CVS (Schwichow, Christoph, et al., 2016; Schwichow, Croker, et al.,
2016; Schwichow, Zimmerman, et al., 2016), many successful
approaches have been implemented within the last five decades.
Schwichow, Christoph, et al. (2016), Schwichow, Croker, et al.
(2016), and Schwichow, Zimmerman, et al. (2016) summarized the
findings from 72 intervention studies and reported a mean overall effect
size of g = 0.61. Already early studies found evidence for the assump-
tion that students’ understanding of the CVS is trainable (Case & Fry,
1973; Siegler et al., 1973). Schwichow, Christoph, et al. (2016),
Schwichow, Croker, et al. (2016), and Schwichow, Zimmerman, et
al. (2016) found that instructional interventions involving (a) demon-
strations of good experimental designs and (b) cognitive conflict par-
ticularly benefit students’ acquisition of CVS skills.

Although numerous studies have shown the trainability of the
CVS, it appears that two, in our view important, aspects have been
mostly neglected so far. First, although training studies typically
encompass more than one CVS subskill (e.g., Chen & Klahr,
1999; Lorch et al., 2010), we are not aware of any studies evaluating
training effects on all four subskills listed by Schwichow, Christoph,
et al. (2016), Schwichow, Croker, et al. (2016), and Schwichow,
Zimmerman, et al. (2016). We are also not aware of any literature
indicating differential relations of these skills to school achievement
and other outcome variables. However, as discussed, there is varia-
tion in the difficulty, as well as in the developmental trajectories of
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these skills. These differences indicate that some CVS subskills
might be better trainable in children than others. For example,
whereas the skill of identifying controlled experiments might be rel-
atively easy to master even for young children (Bullock & Ziegler,
1999, 2009), a training aimed at the more advanced understanding
of the indeterminacy of confounded designs showed limited effec-
tiveness with 6- to 7-year-olds (Case, 1974). In addition, even
after thorough training, by far not all individuals succeed on the sub-
skill of planning controlled comparisons (e.g., Chen & Klahr, 1999).
These findings indicate that it is important to evaluate CVS training
effects systematically with regard to different CVS subskills. In
addition, there are usually substantial individual differences in learn-
ing gains, and in children’s skills after training (Chen & Klahr, 1999;
Lorch etal., 2014; Wagensveld et al., 2015). Such variation points to
the relevance of individual preconditions that explain variation in
training effects (Chen & Klahr, 1999; Wagensveld et al., 2015).
For example, CVS is correlated with general cognitive abilities
(Bullock & Ziegler, 2009; Edelsbrunner et al., 2018; Kuensting et
al., 2013; Mayer, 2012; Mayer et al., 2014; van Schijndel et al.,
2015; Veenman et al., 2014). In addition, correlations have been
found between CVS and children’s verbal skills (Siler et al., 2010;
van der Graaf et al., 2018).

First efforts have been made to examine which individual precon-
ditions might contribute to variation in the effects of CVS trainings.
In a training study with sixth graders, Wagensveld et al. (2015)
found that children’s prior CVS knowledge, verbal reasoning,
vocabulary, and reading comprehension predicted learning gains
in a CVS training based on discovery learning, but not in a second
group that received more direct instruction on the CVS. Possibly
due to sample size limitations, Wagensveld et al. (2015) did not
examine differential effects of the interventions, that is, they did
not test whether effects of the condition differed for children with
varying preconditions. In a study by Schalk et al. (2019), prior
knowledge regarding the CVS predicted negatively how much
third graders’ CVS skills improved during another study that exam-
ined differential effects focused on variation across assessment
instruments, rather than differential effects across learners
(Schwichow, Christoph, et al., 2016; Schwichow, Croker, et al.,
2016; Schwichow, Zimmerman, et al., 2016). Thus, although there
are substantial individual differences in the development of the
CVS as well as in learning gains and posttest achievement in train-
ings, we know little about the sources of these individual differences.

Research Questions and Design of the Present Study

Our overview of the literature showed that the emergence of sci-
entific reasoning is a protracted process that is intertwined with gene-
ral cognitive development and stimulated by learning opportunities
(see also Edelsbrunner et al., 2022). At the end of elementary school,
around the age of 10—12 years, some children master the CVS with-
out having undergone any formal training, while others do not
improve despite having received such training (Wagensveld et al.,
2015; Zimmerman, 2007).

Building on this state of research, the goal of the present study is
to examine the differential effects of a comprehensive CVS training
that targets all four CVS skills described by Schwichow, Christoph,
et al. (2016), Schwichow, Croker, et al. (2016), and Schwichow,
Zimmerman, et al. (2016). We trained these skills at ages 10-12,
which is a developmental period during which children undergo

substantial transitions in their understanding of CVS (Bullock &
Ziegler, 1999; Schwichow et al., 2020). This allows testing which
subskills of the CVS benefit from targeted training, and which
ones develop without it. In addition, we evaluated which cognitive
preconditions determine how much children gain in the different
subskills. There are various kinds of preconditions for learning
that can affect the overall efficacy of educational interventions,
such as cognitive, metacognitive, and affective/motivational factors
(Tetzlaff et al., 2021). In this study, we focus on factors that are typ-
ically described as cognitive preconditions for learning (e.g., Grimm
et al., 2023). Under this term, we examine students’ prior knowledge
about CVS, their general reasoning abilities, and reading compre-
hension. These three cognitive preconditions have been related to
children’s acquisition of the CVS in prior research (Edelsbrunner
et al., 2022).

In a randomized experimental field trial employing a within-
classroom design, we compared children’s CVS skills after half of
them had undergone a comprehensive CVS training (intervention
group) while the other half had undergone inquiry-based science les-
sons that did not explicitly address the CVS (active control group).
The strong control condition was meant to provide a learning envi-
ronment in which students could engage in inquiry. A prior study
showed that such inquiry can benefit students’ understanding of
the CVS (Schalk et al., 2019). The students in the control group
did not receive explicit instruction on the CVS. This choice of con-
ditions (intervention group undergoing the CVS training, and the
active control group) allowed examining whether explicit instruction
of the CVS benefits its development beyond more content-focused
inquiry during which CVS could in principle also develop. The
within-classroom randomization of participants prevented a con-
founding of potential training effects with effects of classroom-
specific experience. As we were not aware of any pen-and-paper
instruments for children that capture all four mentioned subskills
of the CVS, we developed such a test for the purpose of this
study. This newly developed CVS test, which allowed assessing
all four CVS skills (identification, interpretation, planning, under-
standing), was applied as pre-, post-, and follow-up measures.
This instrument allowed building an overall CVS score (cf.
Schwichow et al., 2020) but also four scores for the four individual
CVS subskills. In order to examine the sustainability of training
effects, we assessed students not only shortly after the training, but
also half a year later.

Research Question 1: Does a comprehensive CVS training have
a positive effect on students’ overall CVS score, compared to an
active control training?

We developed a comprehensive CVS training intervention that
encompassed three lessons and built on the principles identified
by Schwichow, Christoph, et al. (2016), Schwichow, Croker, et al.
(2016), and Schwichow, Zimmerman, et al. (2016) as leading to
the largest training effects. We, therefore, expected that this CVS
training would induce large learning gains in comparison to the
active control training, in which students did not receive explicit
instruction on the CVS. In addition, sustainability of trainings
often falls short of expectations (Bailey et al., 2017). At the same
time, Bailey et al. (2017) found sustained intervention effects for nat-
urally developing skills that can be further enhanced through tar-
geted training. As CVS falls into this category, posttest effects,
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once achieved, can be expected to remain rather stable. Out of these
considerations, we derived the following hypothesis regarding the
overall effects of the CVS training at posttest and follow-up.

Hypothesis 1: The intervention group will outperform the con-
trol group in the overall CVS score at posttest, as well as at
follow-up 6 months after training.

Research Question 2: Are all four CVS skills (identifying con-
trolled comparisons, interpreting controlled comparisons, plan-
ning controlled comparisons, and understanding the
indeterminacy of confounded designs; Schwichow, Christoph,
et al., 2016; Schwichow, Croker, et al., 2016; Schwichow,
Zimmerman, et al., 2016) equally affected by the training?

The training aims to advance the full spectrum of skills, but start-
ing points may differ depending on a child’s prior knowledge of
CVS. Some children may already enter the training with mastery
of the easier subskills interpretation and identification, but struggle
with understanding and planning, therefore particularly gaining on
the latter skills. For other children, there might still be room for
improvement in interpretation and identification, while planning
and understanding are still out of reach, resulting in substantial
effects for the first two skills only. These assumptions point toward
differential effects, which we discuss next. Since the training explic-
itly targets all four skills, we assume that it will improve all of these
to some extent in comparison to the control group.

Hypothesis 2: The intervention group will outperform the con-
trol group in each of the four CVS subskills in the posttest as
well as in the follow-up test.

Research Question 3: How do students’ individual cognitive
preconditions affect the extent to which they gain from the
CVS training?

In line with theoretical assumptions and empirical findings of pre-
vious studies (Chen & Klahr, 1999; Cruz Neri et al., 2021;
Wagensveld et al., 2015), we expect children’s (a) prior knowledge
(i.e., their CVS skills measured at pretest), (b) reasoning abilities,
and (c) reading comprehension to explain variation in differences
between the intervention and the control group. Building on the
large sample size of our study (over 600 learners), we can examine
whether these variables interact with the effects of the two condi-
tions for the overall CVS score, as well as for the four more specific
CVS subskills.

Regarding prior knowledge, studies on the expertise-reversal
effect have shown that learners with higher prior knowledge tend
to benefit more from conditions with less guidance (e.g., Kalyuga,
2009). In this study, prior knowledge is referred to as CVS skills
at pretest. For learners with lower prior knowledge of a specific
CVS skill, instructional guidance might be helpful in pointing out
the principles underlying the skill. For these learners, a strongly
guided intervention condition should thus evoke stronger learning
gains. As many elements of our CVS training were highly scaf-
folded, it might serve low prior-knowledge learners to a higher
degree than high prior-knowledge learners. For children who have
already developed some understanding of a specific CVS skill at pre-
test, the guidance they receive within the intervention condition
might be unnecessary. These children might be better able to refine

their already better-developed schemata of the relevant principles
with less guidance (Kalyuga, 2009) while engaging in inquiry
more freely within the control condition.

Hypothesis 3a: Benefits of the CVS training are more pro-
nounced for learners with lower prior knowledge.

The second individual cognitive precondition, general reasoning
ability, is understood as the ability to learn (Gottfredson & Lapan,
1997). Numerous studies have shown that this ability determines
the degree to which an individual makes productive use of learning
opportunities (e.g., Vaci et al., 2019; Ziegler et al., 2021). We expect
that students with higher general reasoning abilities will better
exploit the learning opportunities provided by the CVS training.
These students might be better able to generalize the CVS principles
from the multiple instances in which these are applied and explained
within the training (Lotz et al., 2022).

Hypothesis 3b: Benefits of the CVS training are more pro-
nounced for learners with better reasoning abilities.

Regarding reading comprehension, we undertook careful pilot
testing with our CVS test, including cognitive interviews, to ensure
that students’ achievement did not depend on their reading compre-
hension to an unduly extent. Nevertheless, reading comprehension is
substantially related to more general verbal abilities (Cain et al.,
2004; Schroeder, 2011) which have been shown to be predictive
of children’s development of skills related to the CVS (van der
Graaf et al., 2016) as well as to science learning (Cruz Neri et al.,
2021). The better the children’s verbal abilities, the better they
might be able to follow the instructors’ explanations, and engage
in more effective verbalization as well as verbal interactions with
their peers during collaborative inquiry (Van Boxtel et al., 2000).
Better comprehension also helps integrating sentences into coherent
mental representations, in turn fostering students’ science literacy
(Cruz Neri et al., 2021; Hall & Miro, 2016).

Hypothesis 3c: Benefits of the CVS training are more pro-
nounced for learners with higher reading comprehension.

Method
Sample

Based on a power analysis simulating a multilevel model and dif-
ferential effects of the intervention for children with varying precon-
ditions, we aimed at a sample of about 40 school classes with about
700-800 children in order to reach a power of .85. We eventually
recruited a sample of 38 classrooms (n = 758 children) that partici-
pated in the present study. All classrooms came from schools located
in the German-speaking part of Switzerland. Twenty-nine of the 38
classrooms were fifth grade and nine were sixth grade. The reason for
this grade distribution was that we started implementing the study in
the second half of one school year and continued in the beginning of
the next school year. The parents or guardians of each child gave
informed consent. Ethical approval was provided by the first
author’s institution ethical review board. Half of the children in
each class were randomly assigned to the intervention group, the
other half to the control group. From the initial sample, we had to
exclude 140 children due to missing parental consent (48), being
absent during the CVS training (62), or being absent during the
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whole experiment (11). The remaining sample for analysis consisted
of n==618 children (M, = 11.67, SD,4. = 0.65, 309 male, 309
female). Of these, n = 318 children received the CVS training, and
n =300 the active control training.

Procedure

We employed a test on experimentation skills (CVS test) and the
tests on general reasoning ability and reading comprehension as
group tests in the classrooms administered by trained research assis-
tants. The CVS test was presented at three measurement points: 1-2
weeks before the training started (pretest), 1 week after the training
was finished (posttest), and approximately 6 months after the train-
ing (follow-up test). The tests on reasoning abilities and reading
comprehension were presented together with the pretest, and partic-
ipants were asked for their age and gender.

Trainings

After the children had been randomly assigned to the intervention
(CVS training) and the control group (active control training) within
their classes, the respective training was implemented within 2
weeks. Both the intervention and the control groups received parallel
trainings, each lasting three 45-min-lessons (the typical duration of a
Swiss school lesson). In both trainings, different physical contents
and materials were used (comparable to Chen & Klahr, 1999). For
each class, the two trainings took place at the same time, in two sep-
arate rooms of the school. In all classes, the intervention group was
taught by the first author, who is a trained elementary school teacher.
The control trainings were implemented by children’s regular class
teachers. This allowed teaching students from both conditions at
the same time in different rooms. Analysis provided in Appendix
A and Table A1 indicate that students’ learning gains within the con-
trol condition did not depend on the teachers. The classroom teach-
ers were briefed in detail about the scientific contents and learning
objectives of the active control training, and they received all neces-
sary materials as well as a detailed lesson script (available from the
online supplemental materials).

The CVS training applied in the intervention group was devel-
oped by the authors of this article under direction of the first author,
based on the following rationales for training elements. We decided
to split the three sessions of the training into 2 days for logistic rea-
sons and to prevent exhaustion. We used probe questions after every
task, based on the seminal training study by Chen and Klahr (1999).
Additionally, as instructional elements, we implemented demonstra-
tion experiments and cognitive conflict in the first training session,
two elements that have been found to support conceptual under-
standing (Lee & Byun, 2012) and to be particularly effective in
CVS trainings (Schwichow, Christoph, et al., 2016; Schwichow,
Croker, et al.,, 2016; Schwichow, Zimmerman, et al., 2016).
Cognitive conflict can act as a cognitively activating instructional
element that increases learners’ engagement (e.g., Limén, 2001).
Demonstration experiments can function as worked examples that
allow reducing learners’ cognitive load (Bichler et al., 2020) and
focusing on explaining, discussing, and modeling (Grimm et al.,
2023) the principles behind controlled and confounded experiments.
In the second training session, we used worksheets containing con-
founded experimental designs, which has been shown to be effective
in former CVS trainings (e.g., Lorch et al., 2014). In the last training

session, we used hands-on tasks with marble runs including four var-
iables with two levels, similar to the ramps-task which has been used
in the effective training by Chen and Klahr (1999).

In the first session (45 min), experiments demonstrating con-
founded and controlled experiments were used with materials similar
to those developed by Chen and Klahr (1999). Cognitive conflict was
induced in the first demonstration experiment by showing the result of
an experiment that was not consistent with the initially posed hypoth-
esis. The unexpected outcome was discussed within the group before
the next experiment was demonstrated. The terms “research question,”
“variable,” and “influence” were introduced at the first session and
their correct use demonstrated. These terms were introduced as part
of supporting students’ science literacy, as they are also part of
Swiss Science curricula (D-EDK, 2016). During all training sessions,
a controlled experiment was referred to as a “fair experiment” and a
confounded experiment as an “unfair experiment.”

The second session (45 min) was administered on the same day
after a short break. The CVS was repeated by working with work-
sheets including confounded experiments (Lorch et al., 2014) in
pairs (identification and interpretation of controlled experiments)
and in whole-class discussions about the results and the probe ques-
tion “Can you be sure?” (Chen & Klahr, 1999). In a second task, the
children had to judge both controlled and confounded experiments
and decide whether these experiments could be interpreted or not
(promotion of the understanding-subskill).

In the third session (45 min), approximately one week later, the
researcher brought marble runs, which allowed for a setup broadly
similar to the classic ramp task introduced by Chen and Klahr
(1999). This session started with a short repetition of the CVS prin-
ciples and of relevant terms, and continued with a hands-on activity
in small groups. Every group was equipped with a marble run, mar-
bles, and a worksheet for documenting their experiments and find-
ings regarding which variables (e.g., the steepness of the ramp, or
the material of the marbles) affected how far the marbles would
run. The worksheets were scaffolded, guiding children through the
experimentation process (predict-observe-explain) as an effective
way of guidance in inquiry-based learning (Lazonder & Harmsen,
2016). Afterward, all group-designed experiments were discussed
before they were conducted (subskill planning) and their outcomes
evaluated (subskill interpretation).

In all three sessions, principles of guided discovery learning
(Hardy et al., 2006) were applied, aiming for an appropriate basis
to enable children to connect inquiry-based content knowledge to
explicitly instructed domain-general experimentation skills. Across
all three training sessions, all four CVS subskills were addressed:
In worksheet tasks (session 2) as well as hands-on experimentation
(session 3), the students were guided in planning and interpreting
controlled experiments and practiced the identification of con-
founded and controlled experiments. In the demonstration experi-
ments as well as when discussing students’ own experimentation
plans, the rationale underlying the CVS was explicated, and it was
shown and discussed how no certain conclusions could be drawn
from confounded experiments (understanding). Overall, all four
subskills explicated by Schwichow, Christoph, et al. (2016),
Schwichow, Croker, et al. (2016), and Schwichow, Zimmerman,
et al. (2016) and assessed by our CVS test were part of the CVS
training and the training was aimed at providing sufficient space
for developing all of these skills. The training did not include
tasks from the CVS test.
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The Active Control Training was developed by a Physics educator
for the purpose of this study. The control group underwent a curricu-
lum on electrical circuits, which focused on content knowledge
instead of scientific reasoning. The topic of electrical circuits was cho-
sen to provide a control training in which students can obtain content
knowledge, including declarative and procedural knowledge, about a
relevant topic for science education. The topic further lends itself to
systematic inquiry in the course of experimenting with electrical cir-
cuits. In contrast to the intervention condition, in which the CVS
was exemplified across various topics (e.g., marble runs, funnels) to
help students in generalizing the underlying principle, within this
more content-focused condition the topical context remained the
same throughout the three lessons. In the first session, the material
and useful terms (e.g., “switch,” “crocodile clamps™) were introduced.
The children learned about when an electrical circle is closed and why
this is important. In the second session, the children learned about the
use and application fields of “parallel circuits” and “serial circuits.”
They worked in pairs with worksheets by rebuilding them with
given electrical material. Similar as in the intervention group (CVS
training condition), the third session also involved hands-on problem-
solving tasks that allowed systematic inquiry and experimentation
(building circuits using physical elements such as wires, batteries,
switches, and bulbs). The control training did not include guided
experimentation, guided hypothesis testing via controlled experi-
ments, or explicit instruction on the CVS.

Measures
Control-of-Variables Strategy (CVS Test)

The newly developed CVS test encompassed 15 items, some of
which were based on scenarios from existing tests (e.g., the airplane-
task from Bullock & Ziegler, 1999 and the ramp-task from Chen &
Klahr, 1999). Everyday concepts and topics from elementary school
science education were used to build cover stories for the items.
However, no specific scientific knowledge was needed in order to
solve the test items correctly. This was ensured in cognitive inter-
views with children in pilot studies, and by involving experts in
item construction who were science teachers with degrees and prac-
ticing educational research. All items have a multiple choice-format,
and some items in addition ask for open answers. In pilot studies,
construct validity was examined in cognitive interviews and by ask-
ing students for additional open answers (Peteranderl, 2019). Based
on the information from these interviews and quantitative data
collection in pilot classes, the test underwent multiple rounds of
revision. The 15 items encompass the four skills identification, inter-
pretation, and planning of controlled comparisons, as well as under-
standing the indeterminacy of confounded comparisons.

The skills interpretation and identification were assessed within
the same 10 cover stories. An example item (translated into
English by the study authors) is depicted in Figure 1. The children
receive descriptions of three input variables (with two levels each)
that could have an influence on one outcome variable. Four pictures
show the setup and results of four tests, each realizing a different
combination of levels of the input variables. The child’s task is to
identify two tests resulting in a controlled comparison (identifica-
tion) and to find out whether and in which direction the input vari-
ables affect the outcome variable of the chosen comparison
(interpretation). To solve the identification task, the children need

Figure 1
Example Item Assessing the Identification and Interpretation Skills
Parachute

Mr. Jack wants to find out what influences how long toy parachutes stay in the air. He can
change these things:

build a small or a big parachute
take a round or a square parachute
attach a light or a heavy toy figurine

Here you can see four parachutes and how long they stay in the air:

Parachute 1 Parachute 2

small, square parachute, heavy figurine big, round parachute, Iighdﬁgurine

5 seconds airtime | | 15 seconds airtime |

Parachute 3 Parachute 4

small, round parachute, heavy figurine small, round parachute, light figurine

| 5 seconds airtime | I

10 seconds airtime

What influences how long a parachute stays in the air? Find an appropriate comparison for
each question.

Does the size of the parachute have an influence?
0 Yes, it does. You can see this by comparing Parachute ___and Parachute ___.
03 No, it doesn't. You can see this by comparing Parachute ___ and Parachute ___.

O You can’t say. Why not?

Note. In this item, the focal variable is the time to drop a parachute, inde-
pendent variables are the weight of the toy figure, the form of the para chute,
and the size of the parachute. The children must, given the provided evi-
dence, decide for each individual independent variable whether it has an
influence or not (interpretation) and select the correct comparison support-
ing their interpretation (identification).

to select a controlled comparison between two tests, that is, a com-
parison in which only the focal variable given in the research ques-
tion differs between the two setups (identification). The children
receive credit for selecting an unconfounded comparison involving
the correct focal variable. In addition, the children need to interpret
this comparison with regard to the research question by deciding
whether the respective variable has an influence, or not (interpreta-
tion). The children receive credit for selecting the correct answer.
Because of this procedure, identification and interpretation could
be scored separately. For each of the skills, the maximum score
was 10. Children’s scores on identification showed estimated inter-
nal consistencies of McDonald’s o = .92 at all measurement points,
and their scores on interpretation ® = .91, .91, and .85 at pre-, post-,
and follow-up tests, respectively.

The planning skill was assessed with four items. An example item
is depicted in Figure 2. The items presented a research question and
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Figure 2

Example Item Assessing the Skill to Plan a Controlled Experiment

Spaghetti

Sara and Matteo test how long you have to cook Spaghetti. They believe that it might make 3

difference

e whether they do or don't add salt to the water

e whether they cook thin or thick Spaghetti
o whether they use an electric cocker or & gas cocker

e how much Spaghetti they cook.

Sara and Matteo take the same pot, fresh water and fresh Spaghetti for every new test. They

stop the time the Spaghetti need to cook.

First, they want to find out when it makes a difference if they add salt to the water.

How should their tests look like?

Test1 Test2
water Owith salt Owithout | water Owith salt Owithout
thickness Othick Othin thickness Othick Othin
cooker Oelectric  Ogas cooker Oelectric  Ogas
amount 0200g 0O500g amount 0200g 0500g
Note. Children are asked to pick the levels of variables in order to produce a controlled comparison for

testing the protagonist’s hypothesis.

four independent variables (with two levels each) embedded in a
cover story that involved protagonists wanting to test a causal
hypothesis (e.g., that brooms with a longer broomstick are more
effective for sweeping). The child was asked to design an experiment
that was suitable for testing the protagonist’s hypothesis. The child
had to configure two test events (e.g., two broomsticks) by ticking
checkboxes in a table that indicated the levels of the input variables
they wanted to select for each test. To receive credit, the child had to
produce a controlled comparison, that is, two tests (e.g., two brooms)
that differed only on the focal variable (e.g., length of the broom-
stick). For this skill, the maximum score was 4. Children’s planning
scores showed estimated internal consistencies of ® = .92, .95, and
.95 at pre-, post-, and follow-up tests, respectively.

The tasks assessing understanding (five items) also presented a
protagonist wanting to test a causal hypothesis. Figure 3 shows an
example of an understanding item (translated into English by the
authors). The setups presented in these items involved three input
variables (with two levels each) and one outcome variable. In
these stories, the protagonist had already conducted a comparison
of two tests, which were presented to the child. The child’s task
was to select the answer (in a multiple choice format) that best
described how the comparison could be interpreted. The protago-
nist’s comparisons always had a confound (i.e., did not implement
the CVS), thus, the correct answer always was that the protagonist
could not be sure of what had caused the observed effect. For this
skill, the maximum score was 5. Children’s scores on understanding
showed estimated internal consistencies of w = .71, .95, and .95 at
pre-, post-, and follow-up tests, respectively.

As on overall indicator of children’s CVS skills, we also computed
an overall mean. Prior research has shown that in addition to scores on

individual skills, an overall score of CVS represents a valid way to
capture students’ overall CVS skills (Schwichow et al., 2020). This
was done by first transforming each of the scores for the four different
skills into proportion correct-scores ranging from O to 1. We then com-
puted a grand mean of these four correctness-scores to yield an overall
indicator of CVS in which all four skills are represented equally,
ranging again from 0 to 1. Children’s overall CVS scores showed esti-
mated internal consistencies of ® = .96, .98, and .97 at pre-, post-, and
follow-up tests, respectively.

Student’s Cognitive Preconditions
Prior Knowledge

Students’ prior knowledge on each of the four CVS subskills was
assessed by their scores on the respective subskills scores at pretest.
For example, in predicting overall CVS scores at posttest or
follow-up, prior knowledge was represented in overall CVS scores
at pretest, and in predicting scores on the understanding-subskill at
posttest or follow-up, scores on this subskill at pretest were consid-
ered as prior knowledge.

Reasoning Abilities

Reasoning abilities were measured by the number series and fig-
ural analogies-scales of the Germany-wide established cognitive
abilities test for primary school children (Kognitiver Fahigkeitstest
[KFT]; Heller & Perleth, 2000). In the number series task (20
items), the children had to identify mathematical rules behind a num-
ber sequence and decide from among five alternative which number
comes next according to the rule. In the figural analogies task
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Figure 3

Example Item Assessing Children’s Skill to Understand the Indeterminacy of Confounded

Comparisons

Muffins

Juliz and Noah want to find out what influences how long muffins need to bake. These three

things could have an influence:

e switch the oven to one-sided heat or to convection
e putthe baking tray in a high or a low position

e take a lot of dough or little dough

Below you can see what the children tested in two attempts:

Testl

one-sided heat, baking tray high, a lot of dough

needs 18 minutes

Test2

convection, baking tray high, little dough

needs 15 minutes

What conclusions can the children draw from their experiment? Select all correct answers.

O The muffins bake faster if you take little dough.

O The children cannot say for sure whether the amount of dough, or the kind of heat, or both

influence the baking time.

O If the baking tray is on the top, the muffins bake faster.

O The muffins bake faster if you use convection rather than one-sided heat.

(25 items), the children had to decide based on a base analogy (e.g., a
larger square and a smaller square) which of five further objects
yields the same relation together with a third presented object
(e.g., a smaller circle yielding the same relation compared to a larger
circle). Each student received a sum score built from all correctly
answered items on both scales, which encompassed an overall of
45 items. The overall score showed an estimated internal consistency
of @ = .92 for the present sample.

Reading Comprehension

Students’ reading comprehension was assessed using the latest ver-
sion of a test appropriate for this age group assessing reading speed and
reading comprehension (Lesegeschwindigkeits- und -verstéindnistest
[LGVT, 2. Auflage]; Schneider et al., 2007). Children’s task is to
read a text and fill in 47 blank spots with appropriate words by selecting
from among three options for each spot within a maximum time of 6
min. The maximum score on this test was 52 and it showed an esti-
mated of internal consistency of ® = .80 for the present sample.

Statistical Analyses

To examine our three research questions, we investigated descriptive
statistics and set up multilevel models. For students’ overall CVS
scores, as well as for each of the four CVS skills, one model was set
up with posttest scores (transformed into solution rates ranging from
zero to one) as a dependent variable, and a second model with
follow-up test scores as a dependent variable. The first predictor vari-
able in each of the models was children’s score on the respective
skill at pretest. This variable was included to control for children’s
prior knowledge. In order to improve the interpretability of model
results, pretest scores were z-standardized in all models. The second
predictor variable was condition (experimental vs. control group).
Inclusion of this variable in the model predicting children’s overall
CVS scores covered Research Question 1 (training effects on overall
CVS skills), and including it to predict either of the four individual
CVS skills covered Research Question 2 (training effects on four indi-
vidual skills). Students in the control group were indicated by a 0 and
those in the intervention group by a 1, implying that all reported model
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intercepts and main effects represent estimates for the control group.
The third and fourth predictor variables were students’ z-standardized
scores on reasoning abilities and reading comprehension. Through
z-standardization, model intercepts represent estimates when all contin-
uous predictor variables are at their mean. Effects of z-standardized pre-
dictor variables can be interpreted as change in the dependent variable
when the predictor variable changes by one SD. To cover Research
Question 3 (differential effects for students with varying individual
characteristics), we included main effects and interactions with condi-
tion for prior knowledge, reasoning abilities, and reading comprehen-
sion. Since condition was coded with O for the control group and 1
for the intervention group, intervention effects indicate how much
the main effect of the respective predictor variable (e.g., prior knowl-
edge) changes when a child is in the intervention condition instead
of the control condition. To cover the hierarchical data structure, we
included a random intercept in all models to control for the multilevel
structure caused by unexplained systematic variation between school
classes. We used restricted maximum likelihood-estimation in the R
package Ime4 to estimate these models (Bates et al., 2014).

For statistical inferences regarding the main effects of individual
variables, we used a significance level of .05. For inferences regard-
ing interaction effects (Research Question 3), we used a significance
level of .10. It has been known since the seminal work by Cronbach
and Snow (1977) that reliably finding interactions requires very large
sample sizes. Since as described above, we had not fully reached the
sample size that our power analysis had proposed, we increased the
alpha error-level to optimize the beta-error and thus emphasize our
aim not to overlook interaction effects. To visualize interaction
effects, we produced Johnson—Neyman plots that show effects of
the condition across levels of the moderator variable (Preacher &
Sterba, 2019), as well as regions of statistical significance, via the
R package interactions (Long, 2019). We report 90% confidence
intervals for all model parameters.

Transparency and Openness

We report how we determined our sample size, all data exclusions,
all manipulations, and all measures in the study. All data, analysis
code, and research materials are available at https:/osf.io/4t7ct/.
Data were analyzed using R, Version 4.1.1 (R Core Team, 2021)
and the packages described above. This study’s design and its anal-
ysis were not preregistered.

Results

Descriptive statistics of the overall CVS score and of students’
individual cognitive preconditions are presented in Table 2.

Table 2

Descriptive statistics and intercorrelations of all further variables
are presented in Tables A2—A4. Student age and gender had almost
no associations with any other study variables (Table A4). We first
checked the similarity of the intervention and control groups
regarding prior knowledge, reasoning abilities, and reading com-
prehension. As visible from Table 3, independent sample #-tests
did not indicate significant differences between the groups on
any of these variables (all p’s > .5), with Cohen’s ds and their con-
fidence intervals indicating high similarities. The mean estimates at
pre- and posttest indicated that both groups increased in their over-
all CVS scores. Within-group comparisons between pretest and
posttest served as manipulation check to find out whether the inter-
vention affected CVS. The intervention group improved strongly
from pre- to posttest by d=0.85 (p <.001), but the control
group also improved by d=0.41 (p <.001). The considerable
improvement of the control group has to be taken into consideration
when interpreting the results. The results in Table 3 also show
improvement from posttest to follow-up test in the intervention
group (d=0.14, p<.02) and in the control group (d=0.47,
p <.001).

Research Question 1: Does a Comprehensive CVS
Training Have a Positive Effect on Students’ Overall CVS
Score, Compared to an Active Control Training?

The regression models (Table 3) indicate a main effect of condi-
tion after controlling for prior knowledge (i.e., students’ pretest
scores) and the other covariates, confirming that the CVS training
indeed led to higher scores at posttest than the active control training.
The standardized mean difference between the two conditions at
posttest appeared moderate (d = 0.39, independent samples r-test:
p <.001). At the follow-up, the effect of condition was also signifi-
cant (Table 3), but with a smaller standardized group difference than
at posttest (d = 0.23, independent samples #-test: p < .001). These
findings confirm Hypothesis 1, which predicted higher achievement
in the intervention group compared to the control group at posttest
and follow-up.

Research Question 2: Are All Four CVS Skills Equally
Affected by the Training?

Figure 4 depicts the mean achievement rates for each skill across
time for both conditions. A manipulation check revealed that perfor-
mance in all four skills was better after training than
before (identification: d = 0.51, interpretation: d = 0.33, planning:
d=0.87, understanding: d=0.93, all p <.001). This was also

Descriptive Statistics for Overall CVS Scores and Individual Characteristics Across Conditions

Control group

Intervention group Group difference

Variable M SD M SD d 90% CI
Overall CVS pretest 0.44 0.23 0.43 0.24 —0.06 [—0.19; —0.08]
Overall CVS posttest 0.55 0.26 0.65 0.28 0.39 [0.26; 0.52]
Overall CVS follow-up 0.61 0.26 0.67 0.27 0.23 [0.10; 0.36]
Reading comprehension 17.45 10.36 18.00 10.59 0.05 [—0.08; 0.19]
Reasoning abilities 3231 9.42 31.33 9.63 0.10 [—0.03; 0.24]

Note. CVS = control-of-variables strategy; CI = confidence interval.
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Table 3
Linear Mixed-Effects Models Predicting Students’ Overall CVS Scores at Posttest and Follow-Up
Posttest Follow-up
Parameter B t P B t P

Intercept 0.54 58.72 <.001 0.61 61.42 <.001
Condition 0.11 9.23 <.001 0.07 5.26 <.001
Prior knowledge 0.19 15.78 <.001 0.17 13.24 <.001
Reasoning abilities 0.04 3.56 <.001 0.05 441 <.001
Reading comprehension 0.02 1.6 111 0.02 1.93 .055
Condition x Prior Knowledge —0.02 —1.51 132 —0.05 —2.61 .010
Condition x Reasoning Abilities 0.02 2.02 .044 0.03 1.90 .058
Condition x Reading Comprehension 0.02 1.21 229 0.00 0.17 .869

Note.

Dependent variable was the mean solution rate across four skills ranging from O to 1. Condition: 0 = control, 1 = intervention, such that intercept stands

for control. Prior knowledge (overall CVS scores at pretest), reasoning abilities, and reading comprehension were z-standardized. CVS = control-of-variables

strategy.

true for the control group (identification d = 0.44, interpretation:
d=0.34, planning: d=0.23, understanding: d=0.35, all
p <.001). As visible from Figure 4, in both groups additional
small to moderate (Cohen, 1988) achievement gains appeared
between posttest and follow-up, except for the planning skill in
the intervention group.

To test whether the CVS training benefitted all four skills, we esti-
mated individual mixed-effects regression models for each of the
four skills (posttest results: Tables 4 and 5; follow-up results in
Tables A5 and A6). There were no significant group differences
for identification and interpretation. In both groups, performance
increased from pretest to posttest, and from posttest to follow-up
(Figure 4, Tables AS and A6). The model estimates (Table 4),
including narrow confidence intervals of the condition-effect around
zero (Tables A7 and A8), indicated that interpretation and identifi-
cation were not further improved by the CVS training. On the
other hand, for the more advanced skills understanding and plan-
ning, statistically significant group differences emerged (Table 5),
with substantially stronger gains in the intervention than in the con-
trol group. Overall, Hypothesis 2 was confirmed only for the two
skills of planning and understanding.

Figure 4

Research Question 3: How Do Students’ Individual
Cognitive Preconditions Affect the Extent to Which
They Gain From the CVS Training?

The impact of the individual cognitive preconditions was assessed
by including the variables prior knowledge, reasoning abilities, and
reading comprehension in linear mixed-effects Models. Originally,
Research Question 3 and the respective hypotheses were limited to
the overall CVS score. As the results of Research Question 2 showed
different training effects for the subskills, separate analyses were
included. For the overall posttest and follow-up score, the results
of the linear Mixed-Effects Models are presented in Table 3. The
posttest results for the subskills are presented in Table 4 (interpreting
and interpretation) and Table 5 (understanding and planning).
Results for follow-up scores are depicted in Tables A5 and A6.

Regarding simple main effects, overall, each of these individual
preconditions had an impact on students’ CVS scores at posttest
and follow-up. Prior knowledge appeared to have the largest general
estimated impact on the overall score and the subskills. At the same
time, there was a significant independent contribution of reasoning
abilities for all outcome measures. For reading comprehension, a
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Table 4

Linear Mixed-Effects Models Predicting Students’ Identification and Interpretation Scores at Posttest

Identification

Interpretation

Parameter B t P B t P
Intercept 0.64 53.01 <.001 0.82 77.68 <.001
Condition 0.02 1.28 .200 0 —0.12 904
Prior knowledge 0.21 13.44 <.001 0.09 6.65 <.001
Reasoning abilities 0.05 3.75 <.001 0.04 3.66 <.001
Reading comprehension 0.01 0.83 407 0.02 1.85 .064
Condition x Prior Knowledge —0.03 —1.5 135 0.04 2.05 .041
Condition x Reasoning Abilities 0.01 0.36 720 —0.01 —0.49 .623
Condition x Reading Comprehension 0.03 1.4 161 —0.01 —0.28 780
Note. Dependent variable was solution rate ranging from 0 to 1. Condition: 0 = control, 1 = intervention, such that intercept stands for control. Prior

knowledge, reasoning abilities, and reading comprehension were z-standardized.

statistically significant independent contribution was only found for
the sub-skills of planning and understanding. Since the groups were
dummy-coded, these estimates represent main effects in the control
group.

The focus of Research Question 3 was to find out whether effects
of the individual preconditions would differ between the two groups.
This is visible from the estimated interactions between condition and
the three individual variables presented in Tables 3-5 (follow-up
results for the four individual skills presented in Tables AS and
A6). A positive interaction means that the impact of an individual
precondition is more pronounced in the intervention group, and a
negative interaction means that it is more pronounced in the control
group. The exact interpretations of the interactions were figured out
by modeling the slopes of the condition at different sections of the
individual characteristics. For all significant interactions at our
selected level of p < .10, the slopes modeled thereby are visualized
in Figure 5 for the posttest results, and in Figure A1 for the follow-up
results. In these figures, the slope of condition indicates the predicted
difference between control and intervention group on the respective
outcome variable, controlling for all other variables in the model. It
is depicted on the y-axis. This condition effect is always shown
across levels of the respective individual characteristic, presented
on the x-axis.

For students’ overall CVS score, we only found a positive inter-
action with reasoning abilities (Table 3). As visible from
Figures 5A and Al, this interaction was positive, meaning that the
effect of condition (the benefit of CVS training) was stronger for

learners with better reasoning abilities (more to the right of the
a-axis in Figure 5A). Note that for learners with lower reasoning abil-
ities (more to the left of the x-axis), the condition effect was still pos-
itive (i.e., the 90% confidence band does not include 0), but much
weaker. For the other individual characteristics, there were no signifi-
cant interactions, although all parameter estimates were in the
expected directions (i.e., negative for prior knowledge, positive for
reading comprehension). Confidence intervals in Tables A7 and A8
further indicate that meaningful effect sizes for these nonsignificant
interactions cannot be excluded based on the present data.

For students’ skill in identifying controlled experiments, we did not
find any significant interactions (Tables 3 and AS5). The parameter esti-
mates for the interactions of all three variables were in the expected
directions (i.e., negative for prior knowledge, positive for reasoning
abilities, and reading comprehension). The confidence intervals for
reasoning abilities were close to O (Tables A7 and AS8), whereas
those for the other interactions did not exclude larger effects.

For students’ skill in interpreting controlled experiments, we
found a positive interaction with prior knowledge (Table 4,
Figure 5B). For students with low prior knowledge (i.e., pretest
scores more to the left of the x-axis), the condition showed a slightly
negative effect. In this group, learners in the control group showed
higher predicted interpretation-scores at posttest than those in the
intervention group. This effect was not visible for students with
prior knowledge-scores within about —1SD and +1SD from the
mean. For these students, as indicated by the darker-shaded confi-
dence band, there were no condition differences and students in

Table 5
Linear Mixed-Effects Models Predicting Students’ Planning and Understanding Scores at Posttest
Planning Understanding
Parameter B t P B t P

Intercept 0.41 22.51 <.001 0.314 20.24 <.001
Condition 0.25 9.91 <.001 0.176 8.28 <.001
Prior knowledge 0.29 14.3 <.001 0.144 8.81 <.001
Reasoning abilities 0.08 3.56 <.001 0.058 3.32 .001
Reading comprehension 0.05 241 .016 0.048 2.8 .006
Condition x Prior Knowledge —0.17 —-5.95 <.001 —0.004 —0.2 842
Condition x Reasoning Abilities 0.08 2.6 .010 0.024 1.01 315
Condition x Reading Comprehension 0.04 1.5 134 0.046 1.87 .062

Note.

Dependent variable was solution rate ranging from 0 to 1. Condition: 0 = control, 1 = intervention, such that intercept stands for control. Prior
knowledge, reasoning abilities, and reading comprehension were z-standardized.
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Figure 5

Visualizations of Interaction Effects and Their Regions of Statistical Significance
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both groups showed similar achievement at posttest. For learners
with higher prior knowledge (more than 1SD above average, on
the right of the a-axis), condition showed a positive effect, meaning
that learners in the intervention group achieved higher learning out-
comes than those in the control group. This is contrary to our
Hypothesis 3a, in which we predicted lower condition-effects for
learners with higher prior knowledge. This result inverted at
follow-up (Table AS and Figure Al). Specifically, at follow-up,
there was a negative interaction, with students with lower prior
knowledge showing positive effects of the condition, those with
about average prior knowledge no significant effect, and those
with high prior knowledge a negative effect of condition. This find-
ing is in accordance with Hypothesis 3a.

For students’ skill in planning controlled experiments, we found a
negative interaction with prior knowledge, and a positive interaction

with reasoning abilities. The negative interaction with prior knowl-
edge (Table 5 and Figure 5C) indicated that whereas students with
low prior knowledge benefitted substantially from the training,
those with average prior knowledge showed a more moderate bene-
fit, and those with high prior knowledge (more than +1 SD above
mean) none. The positive interaction with reasoning abilities
appeared similar to that of the overall CVS score. While even stu-
dents with low reasoning abilities gained from the training, those
with higher reasoning abilities had a much stronger benefit. The
parameter estimate for reading comprehension was in the expected
positive direction, although not significant. All estimates also were
in the expected directions at follow-up, but only that of prior knowl-
edge remained significant. For students’ understanding of the inde-
terminacy of confounded designs, there was a positive interaction
with reading comprehension that looks similar to the interactions



allied publishers.
go through the American Psychological Association.

This document is copyrighted by the Ame
Content may be shared at no cost, but any requests to reuse this content in part or whole must

14 PETERANDERL, EDELSBRUNNER, DEIGLMAYR, SCHUMACHER, AND STERN

of training with reasoning abilities for the overall CVS and planning
scores (Table 5 and Figure 5). While even students with low reading
comprehension showed a positive effect of the training, those with
better reading comprehension showed much larger benefits. The
interactions of prior knowledge and reasoning abilities were also
in the expected directions but not significant. At follow-up, the pic-
ture of reading comprehension and reasoning abilities reversed, with
reasoning abilities showing a stronger positive interaction, and read-
ing comprehension having a slightly lower and nonsignificant inter-
action estimate than at posttest. Prior knowledge showed an
interaction very close to zero.

Overall, Hypothesis 3a, predicting a negative effect of prior
knowledge on training benefit, was confirmed for the planning
skill at the posttest as well as follow-up. For interpretation, we
found a hypothesis-inconsistent positive interaction at posttest, but
a hypothesis-consistent negative interaction at follow-up. For the
identification and understanding-skills, we could not find interac-
tions with prior knowledge, although their parameter estimates
were negative both at posttest and at follow-up, with varying magni-
tudes. Hypothesis 3b, predicting a positive effect of prior reasoning
ability on training benefit, was confirmed for the overall CVS score
at posttest and follow-up, as well as for planning at posttest, and for
understanding at follow-up. Hypothesis 3c, predicting a positive
effect of reading comprehension on training benefit, could only be
confirmed for understanding at posttest.

Discussion

The goal of the study was to further examine and explain the wide
variation in CVS mastery during late childhood and adolescence.
Developing CVS is a lengthy process stimulated by casual and infor-
mal learning opportunities that can be boosted by targeted trainings
already at an early age (e.g., Chen & Klahr, 1999; Klahr et al., 2008;
Klahr & Nigam, 2004; Kuhn, 2005; Schwichow, Christoph, et al.,
2016; Schwichow, Croker, et al., 2016; Schwichow, Zimmerman,
et al., 2016; Strand-Cary & Klahr, 2008). At the same time, difficul-
ties in understanding experimental designs and drawing appropriate
conclusions still arise in adolescence (Schwichow et al., 2020). In a
randomized controlled design with an intervention group and an
active control group, we investigated to what extent children at the
end of elementary school (fifth and sixth grades) could gain from
a targeted training directly after the training as well as 6 months
later. The test we developed allowed to measure transferability of
the CVS, as the situations described in the items were not referred
to in the training. The test allowed for the analysis of overall perfor-
mance in CVS as well as the four subskills that we focused on sep-
arately. By also including the individual cognitive preconditions of
prior knowledge, general reasoning ability, and reading comprehen-
sion, this design allowed us to investigate differential training effects
in more detail than previous studies had done.

Our first hypothesis, according to which the intervention group
was expected to outperform the control group on the overall score
of the CVS test in the posttest as well as in the follow-up test after
6 months, was confirmed. This is in line with prior studies showing
positive effects for most CVS trainings (Chen & Klahr, 1999;
Schwichow, Christoph, et al., 2016; Schwichow, Croker, et al.,
2016; Schwichow, Zimmerman, et al., 2016; Strand-Cary &
Klahr, 2008). With an effect size of d = 0.39 between intervention
and control group at posttest, our training triggered clear yet

moderate effects (Cohen, 1988), which remained significant but
decreased to d =0.23 in the follow-up test. This moderate magni-
tude of the effect might appear surprising, given that in our training
we kept to best-practices by implementing measures of cognitive
conflict and demonstration experiments (Schwichow, Christoph, et
al., 2016; Schwichow, Croker, et al.,, 2016; Schwichow,
Zimmerman, et al., 2016), introduction of useful scientific terms
(van der Graaf et al., 2016; Wagensveld et al., 2015), scaffolded
worksheets (Lazonder & Harmsen, 2016), and hands-on activities
(Chen & Klahr, 1999).

The moderate effect size can be explained by looking into the
results regarding the second hypothesis, according to which we
expected an advantage of the intervention group on all fours CVS
skills. However, we found such a difference on only two of the
four skills which means that Hypothesis 2 did not fully apply, as
there were no specific benefits of the training for the skills of iden-
tification and interpretation. The overall effect size thus constitutes
itself of two null effects on the easier skills, and two large effect
sizes on the more difficult skills. Former studies showed that a con-
siderable part of children younger than 10 years already mastered the
subskills of identification (Bullock & Ziegler, 1999) and interpreta-
tion (Koerber & Osterhaus, 2019; Schwichow et al., 2020). We
nonetheless expected that part of the children aged 12 would still
struggle with these skills and therefore would gain from a training.
This was not the case, as the intervention group and the control
group did not differ visibly at any time point. A ceiling effect can
account for the results in interpretation, while there was still room
for improvement for identification. Both groups improved similarly
and reached the same level on these skills. It appears that within the
control group, the engagement in inquiry and the stimulation by the
pretest were sufficient for triggering effects.

On the other hand, planning and understanding clearly benefitted
from the CVS training, as the achievement in the posttest and the
follow-up test was more pronounced in the intervention group
than in the control group. It appears that both, planning a conclusive
experiment and understanding the indeterminacy of confounded
experiments, which are the more difficult CVS skills (Schwichow
et al., 2020), need guided instruction to develop even for children
in fifth and sixth grades. De Van and Csapé (2021) and
Schwichow et al. (2020) claimed that many students struggle to
understand the indeterminacy of confounded experiments before
entering higher secondary school. In our study, we could show
that already 12-year-old students can learn to neglect drawing con-
clusions from confounded designs in items that are not related to
the training contents. Although based on the information from our
multiple choice-items we cannot be sure how far students’ under-
standing in this regard goes, this is a notable transfer effect was pre-
served even half a year later.

Our results demonstrate the malleability of all CVS subskills in
the age group around 12 years: To improve in the short term, the
more difficult skills need comprehensive training, while the easier
ones may need only occasional stimulation. The latter argument
was confirmed by the remarkable improvement of the control
group. Although the participants did not receive a targeted training
on CVS, their performance increased from the pre- to the posttest
in the overall score as well as in the CVS skills within 2-3 weeks.
This change most likely goes beyond age-related development, an
interpretation also confirmed by the fact that the increase from pre-
to posttest was stronger than from posttest to follow-up despite the
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greater time gap (6 months) of the latter. Children from the active
control group may have been stimulated to think about experimental
evidence and causal conclusions in new ways when working on the
pretest (i.e., re-test effects). Earlier studies have found similar testing
effects in control groups (e.g., Bohrmann, 2017). Moreover, the
training on building and trouble-shooting electric circuits may
have indirectly affected CVS skills. Although the control training
did not focus on CVS, building electric circuits requires a systematic
approach, which may have indirectly stimulated some CVS skills.
This would be in line with interventions finding effects on children’s
CVS skills in more self-guided and implicit interventions (Schalk et
al., 2019; Strand-Cary & Klahr, 2008).

Hypotheses 3a—c concerned the impact of individual cognitive
preconditions on the acquisition of CVS with and without a targeted
training. Overall performance in the posttest as well as in the
follow-up test was best predicted by prior knowledge in CVS, but
there was also a unique though smaller contribution of reasoning
abilities, which is in line with findings from Wagensveld et al.
(2015). Unexpectedly, reading comprehension only had an effect
on the most difficult subskills of understanding and planning, a find-
ing that will be discussed later.

Considering interactions between condition and individual char-
acteristics allowed to shed light on differential benefits of the train-
ing. We predicted that benefits of the CVS training would be more
pronounced for learners with lower prior knowledge (Hypothesis
3a), resulting in a negative interaction between group and prior
knowledge. Children with higher prior knowledge were expected
to improve without a targeted training. For the overall score, this
could only be confirmed for the follow-up test, suggesting that with-
out a targeted training the development of CVS is delayed. For the
skill of interpretation of controlled experiments, there appeared to
be interaction effects, but this skill showed ceiling effects particu-
larly for those high on prior knowledge, undermining reilable con-
clusions. For the difficult subskill of planning, however, it could
be confirmed that those with high prior knowledge could improve
without training.

Overall, we would have expected stronger negative interaction
effects of prior knowledge and training, given the wide-reaching evi-
dence that learners with higher prior knowledge benefit less from
strongly scaffolded interventions (e.g., Kalyuga, 2009). Whereas we
could not find evidence for such an effect in our study, prior knowl-
edge still showed the strongest main effect for all skills. This is in
line with research showing the importance of prior knowledge for
learning (Simonsmeier et al., 2022), although, as Simonsmeier et al.
emphasize, a strong standardized regression weight does not yet indi-
cate a positive relation between prior knowledge and learning gains.
Follow-up analysis to our study might examine in more detail how
prior knowledge and learning relate in CVS interventions, for exam-
ple, by employing models allowing nonlinear interactions to bolster
against ceiling effects (cf. Vaci et al., 2019; Ziegler et al., 2021).
For the

For reasoning abilities, the predicted positive interaction (Hypothesis
3b) could be confirmed for both time-points, indicating that benefits of
the CVS training were more pronounced for learners with higher rea-
soning abilities in the overall score. Considering the subskills, we
found an ordinal interaction for planning in the posttest and for under-
standing in the follow-up test. This finding goes beyond the main effects
shown by Wagensveld et al. (2015), showing that the effect of reasoning
abilities can be harnessed to further improve learning outcomes on the

more difficult CVS skills. Also students scoring at the lower end of the
reasoning scale showed benefits from the training at posttest, even
though this effect faded out 6 months later. Overall, these findings
regarding reasoning abilities indicate that a training implementing cog-
nitive conflict, demonstration experiments, and a phase of collaborative
inquiry, benefits all, and in particular those with better reasoning
abilities.

For reading comprehension, the predicted positive interaction
(Hypothesis 3c) did not reach significance for the overall score,
while there was a significant interaction effect only for children’s
understanding of the indeterminacy of confounded comparisons.
This is probably the most difficult skill among the skills that we
encompassed (Schwichow et al., 2020). The interaction indicates
the important role of language in comprehending the role and
logic of the CVS principle. This result goes beyond earlier findings
by Wagensveld et al. (2015) who showed a main effect of reading
comprehension for children’s acquisition of the CVS, and it is in
line with Siler et al. (2010), who found that verbal/deductive reason-
ing is a key variable in children’s acquisition of the logic of CVS and
in enabling far transfer. The interaction pattern that we observed
indicates that even learners with weaker reading comprehension
gained from the training, but those with stronger reading comprehen-
sion benefitted even more.

Limitations

In our study, we have encompassed all four CVS subskills that
Schwichow, Christoph, et al. (2016), Schwichow, Croker, et al.
(2016), and Schwichow, Zimmerman, et al. (2016) identified as
making up CVS mastery. Although this goes beyond prior studies
that we are aware of in its comprehensiveness, it would be informa-
tive to broaden the breadth and detail of CVS skills further when
undertaking similar future studies. For example, instead of CVS in
its most basic sense in which one tries to find out about the effects
of one variable, transfer to more complex problem-solving in
which the causal status of multiple variables is scrutinized one
after another might by examined (Greiff et al., 2015). In addition,
the interplay of CVS skills with further aspects of epistemic cogni-
tion (a recent label for scientific thinking and reasoning; Greene et
al., 2016) such as children’s epistemic beliefs, aims, values, and
ideas should be examined in the course of interventions to see
which broader role CVS skills take in the development of elaborate
and comprehensive scientific reasoning (Chinn & Rinehart, 2016).

Our randomized experimental field trial employed as a within-
classroom design allowed to study training effects under real learning
conditions not confounded with effects of classroom-specific experi-
ence prior to our study. In such designs, the respective class teacher
can only be appointed under one condition. We chose the control con-
dition, while the intervention group was taught by the same teacher,
whom the students did not know before. This design made it possible
to compare the effects of the CVS training with realistic content-related
science classes. This also meant that we know little in detail about what
the children in the control group really learned. Instances of treatment
diffusion may have happened because children might have talked to
each other about what they had learned while divided into groups.
Most importantly, the teacher used in the intervention group was a
researcher with a teacher diploma. It remains to be seen, whether the
training effects achieved by her would have been achieved to the
same extent by in-service teachers.
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Another limitation concerns the use of multiple choice tests,
which was the downside of our large sample size. Letting children
express their ideas in their own words might have provided more
detailed insights into their understanding. Finally, although our
interaction analyses were based on hypotheses and a relatively
large sample, these should be replicated in future research to ensure
that the derivations of implications for designs of trainings remain
appropriate beyond the present sample.

Implications for CVS Trainings and Future Research

While former studies delivered evidence for considerable
improvement of CVS at the latest from the beginning of elementary
school, our study emphasizes the need for further support at the end
of elementary school, when children have reached the age of 12.
With the exception of the interpretation skill, which already came
close to a ceiling effect at pretest, all other CVS subskills showed
substantial variance at all measurement points, indicating room for
improvement. This was also the case for the relatively easy CVS sub-
skill of identification, which was not affected by our training in com-
parison to the control group, although the average solution rate did
not exceed .70 at any measurement point. Further research is
required on how to support students who do not master this skill
around the age of 12.

First indications regarding how to support the easier skills arise
from our findings within the control group. The spontaneous improve-
ments in the active control group showed that children gain from
undergoing a comprehensive training as well as from getting casual
opportunities to think about systematic experimentation. This finding
is in accordance with prior studies finding that longer-term engage-
ment with the CVS benefits its application even without targeted train-
ing (Schalk et al., 2019), and that the CVS can develop triggered by
repeated exposure to test situations (Bohrmann, 2017). In order to
optimally support children of all ability levels in all CVS subskills,
both learning opportunities should be offered regularly in elementary
school. To achieve some development on the easier subskills, trigger-
ing their application in repeated assessment or inquiry-situations
appears to be sufficient. At the same time, a targeted training that
directly addresses principles and fallacies of experimentation further
boosts particularly the more difficult subskills understanding and
planning. These prior and current findings corroborate the view
that, on the one hand, certain aspects of the CVS develop spontane-
ously during engagement in inquiry, whereas this is less the case
for more advanced aspects, which benefit substantially from targeted
training.

An important insight of our study is that generalized statements
about the trainability of CVS need to be put in perspective regarding
aspects such as the trained age group, the exact CVS skills trained,
and the learners’ individual cognitive preconditions. Thus, it is of
utmost relevance to meet children in their diversity of cognitive pre-
conditions and create appropriate learning opportunities already in
elementary school. Our study showed that also children with weaker
general reasoning abilities benefitted from the intervention condition
in comparison to the control condition. At the same time, the training
achieved even stronger effects for those with better general reasoning
abilities. While our training managed quite well to support children
with varying cognitive preconditions, there is a risk that the achieve-
ment gap will further increase. Combined efforts in further disentan-
gling differential effects of trainings and finding instructional means

to meet the affordances of all learners are required to improve
instruction of scientific reasoning. This could include the implemen-
tation of scaffolding that helps children in acquiring the stepwise
process involved in designing and interpreting controlled designs
(Grimm et al., 2023). Furthermore, additional individual precondi-
tions such as inhibition ability might be considered in exploring fur-
ther factors that affect individual differences in the success of
trainings (Grimm et al., 2023; Osterhaus et al., 2019; van der
Graaf et al., 2016, 2018). We assume that in accordance with our
results and prior literature, training elements such as demonstration
experiments (Schwichow, Christoph, et al., 2016; Schwichow,
Croker, et al., 2016; Schwichow, Zimmerman, et al., 2016), induc-
ing cognitive conflict (Schwichow, Christoph, et al.,, 2016;
Schwichow, Croker, et al., 2016; Schwichow, Zimmerman, et al.,
2016), modeling design and reasoning-processes (Grimm et al.,
2023), and providing verbal support (Studhalter et al., 2021; van
der Graaf et al., 2019) will also benefit the acquisition of other sci-
entific reasoning skills for students with varying preconditions.

Differential learning effects also concern, for example, the role of
language during instruction. The interaction between reading com-
prehension and achievement in the subskill of understanding raises
the question of which particular aspects of our training drew so
much on children’s language. We expect that following the logic
during induction of cognitive conflict, during which the teacher
shows a confounded experiment and emphasizes the reason for the
inability to draw a conclusion from such situations, requires strong
language-related skills. Research has shown that the verbal behavior
of the teacher in such situations and during inquiry more generally
affects children’s learning gains (Mercer, 2013; Studhalter et al.,
2021). Mercer (2013) found that children who are supported in
their academic language use do strengthen their own scientific think-
ing. Strong linguistic abilities were also found to be supportive for
better performance in CVS tasks (van der Graaf et al., 2016), and
in transferring the CVS to new domains (Wagensveld et al.,
2015). For future interventions, we suggest considering in detail
how the teacher verbally structures the guided parts of the training,
to find out how such trainings draw on children’s verbal skills and
to optimize trainings accordingly to improve learning gains for all
children. This suggestion is in accordance with the finding of van
der Graaf et al. (2019) that the combination of direct instruction of
scientific reasoning with verbal support had a positive effect on
the effectiveness of an inquiry-based lesson.

The findings of this study further suggest specific approaches to
the implementation of experimentation in elementary school curric-
ula. Specifically, in lower grades teachers could start with easier
explanations about identifying controlled experiments and interpret-
ing the results of controlled experiments. The focus in later classes
should be on promoting more demanding CVS skills. This might
lead to better domain-general experimentation skills overall, which
are important in the context of STEM in later school curricula
(e.g., secondary schools). In accordance with prior findings indicat-
ing effects of the CVS on STEM achievement even beyond general
reasoning (Bryant et al., 2015), trainings might evoke long-term
achievement gains. Future studies should monitor students’ longer-
term STEM achievement and aspirations to gauge such impact that
goes beyond immediate training effects. Further, our findings sup-
port previous results (Osterhaus et al., 2017; van der Graaf et al.,
2016) that cognitive preconditions affect CVS mastery in children.
Thus, it is even more relevant to meet children in their diversity of
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cognitive preconditions and create appropriate learning opportuni-
ties already in elementary school. Our training intervention managed
to meet some cognitive preconditions rather well; future studies
should build on the present findings to further refine classroom inter-
ventions that strengthen CVS as the basis for more advanced scien-
tific reasoning.
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Appendix

Teacher-Dependence of Learning Gains Within Control Group

To examine how strongly gains in CVS within the control group
depended on the teachers, we implemented a multilevel model within
students from the control group. This model had a typical setup of a
one-way repeated measures analysis of variance: The dependent vari-
able was students’ overall CVS scores at pre- and posttest, predicted
by Time (pre- vs. posttest) and a random intercept across students
(this term is typical for a RMANOVA; Field et al., 2012). We further
added a random intercept as well as a random slope of time, across

teachers to cover the multilevel structure. As the results from this
model in Table A1 show, whereas there was substantial variation across
students (visible in the random intercept across students), there was less
variation in the intercept across teachers, and even much less so for the
effect of time (i.e., the learning gains). A likelihood ratio test corrobo-
rated this impression, showing that the random effect of time across
teachers was not significant (p = .471). These results show that learn-
ing gains were very similar across teachers within the control group.

Table A1

Results of Multilevel Regression, Modeling Dependence of CVS Gains Within Control Group on Teachers
Parameter Estimate SE t p

Intercept 0.45 0.02 22.97 <.001

Time 0.10 0.01 10.41 <.001

Random effect c

Intercept_student 0.042

Intercept_teacher 0.007

Time_teacher 0.001

Note.

Intercept stands for pretest mean-score on CVS, time represents CVS learning gains (difference between pre- and

posttest). Standard error estimates, 7-, and p-values are not available for random effect terms. CVS = control-of-variables strategy.

Table A2
Distributional Information for Central Study Variables
Variable M SD Skewness Kurtosis

CVS pretest 0.50 0.24 —0.08 —0.96
CVS posttest 0.65 0.26 —0.43 —-0.94
CVS follow-up 0.69 0.24 —0.55 —0.77
Ide pretest 4.96 3.15 —0.09 —1.21
Ide posttest 6.48 3.15 —0.60 —0.86
Ide follow-up 6.93 2.95 —0.80 —0.50
Int pretest 7.37 2.59 —1.16 0.78
Int posttest 8.18 2.25 —1.53 2.11
Int follow-up 8.60 1.75 —1.52 2.34
Pla pretest 1.22 1.59 0.82 —1.02
Pla posttest 2.14 1.83 -0.17 —1.82
Pla follow-up 2.27 1.81 —0.30 —-1.75
Und pretest 1.07 1.13 1.12 1.25
Und posttest 2.02 1.72 0.52 —1.00
Und follow-up 2.26 1.74 0.30 —-1.23
Reasoning 31.8 9.53 -0.8 —0.12
Reading 17.74 10.47 0.6 0.03

Note.

CVS = control-of-variables strategy overall score; Ide = identification; Int =

interpretation; Pla = planning; Und = understanding.

Table A3
Descriptive Statistics of Central Study Variables by Condition
M SD
Variable Time 1IG CG 1G CG Omega ®
CVS overall Pretest 0.43 0.44 0.24 0.23 0.96
Posttest 0.65 0.55 0.28 0.26 0.98
Follow-up 0.67 0.61 0.27 0.26 0.97
Reading comprehension 18.00 17.45 10.59 10.36 0.80
Figural Numeric
Reasoning abilities 31.33 32.31 9.63 9.42 92 .88

Note.

IG = intervention group; CG = control group; CVS = control-of-variables strategy.

(Appendix continues)
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Table A5

Linear Mixed-Effects Models Predicting Students’ Identification and Interpretation-Scores at Follow-Up

Identification

Interpretation

Parameter B t P B t P
Intercept 0.69 54.80 <.001 0.86 99.42 <.001
Condition 0.01 0.42 677 0.00 0.06 952
Prior knowledge 0.17 10.47 <.001 0.08 7.28 <.001
Reasoning abilities 0.07 4.31 <.001 0.04 3.67 <.001
Reading comprehension 0.03 1.77 077 0.02 1.92 .056
Condition x Prior Knowledge —0.02 —1.07 283 —0.04 —2.47 .014
Condition x Reasoning Abilities 0.00 —0.14 .886 0.01 0.42 .675
Condition x Reading Comprehension —0.01 —0.27 788 0.01 0.40 .691
Table A6
Linear Mixed-Effects Models Predicting Students’ Planning and Understanding-Scores at Follow-Up

Planning Understanding

Parameter B t )4 B t )4
Intercept 0.51 25.21 <.001 0.38 23.77 <.001
Condition 0.12 422 <.001 0.15 6.52 <.001
Prior knowledge 0.22 9.50 <.001 0.13 7.35 <.001
Reasoning abilities 0.11 4.89 <.001 0.09 4.79 .001
Reading comprehension 0.07 2.84 .005 0.06 3.35 .010
Condition x Prior Knowledge —0.08 —2.53 <.012 —-0.03 —-1.17 242
Condition x Reasoning Abilities 0.03 0.81 421 0.04 1.67 .096
Condition x Reading Comprehension 0.02 0.46 .644 0.00 —0.04 969
Table A7
Confidence Intervals (90% Lower and Upper Bounds) for Models Predicting Posttest-Scores

Overall CVS Identification Interpretation Planning Understanding

Parameter Lower Upper Lower Upper Lower Upper Lower Upper Lower Upper
Intercept 0.51 0.54 0.62 0.66 0.80 0.84 0.38 0.44 0.29 0.34
Condition 0.08 0.12 —0.01 0.05 —0.03 0.02 0.21 0.29 0.14 0.21
Prior knowledge 0.15 0.19 0.18 0.23 0.06 0.11 0.26 0.33 0.12 0.17
Reasoning 0.02 0.05 0.03 0.08 0.02 0.06 0.04 0.11 0.03 0.09
Reading comprehension 0.00 0.03 —0.01 0.03 0.00 0.04 0.02 0.08 0.02 0.08
Condition x Prior Knowledge —0.04 0.01 —0.06 0.00 0.01 0.06 —0.22 —0.12 —0.04 0.03
Condition x Reasoning 0.00 0.05 —0.03 0.04 —0.04 0.02 0.03 0.12 —0.02 0.06
Condition x Reading Comprehension —0.01 0.04 —0.01 0.06 —0.03 0.02 —0.00 0.09 0.01 0.09
Note. CVS = control-of-variables strategy.
Table A8
Confidence Intervals (90% Lower and Upper Bounds) for Models Predicting Scores at Follow-Up

Overall CVS Identification Interpretation Planning Understanding

Parameter Lower Upper Lower Upper Lower Upper Lower Upper Lower Upper
Intercept 0.59 0.62 0.70 0.71 0.85 0.87 0.48 0.54 0.35 0.41
Condition 0.05 0.09 —0.02 0.04 —0.02 0.02 0.07 0.16 0.11 0.18
Prior knowledge 0.15 0.19 0.14 0.19 0.06 0.09 0.18 0.25 0.10 0.15
Reasoning 0.03 0.07 0.04 0.09 0.02 0.05 0.08 0.15 0.06 0.12
Reading comprehension 0.00 0.04 0.00 0.05 0.00 0.04 0.03 0.10 0.03 0.09
Condition x Prior Knowledge —0.07 —0.02 —0.06 0.01 —0.06 —0.01 —0.13 —0.03 —0.07 0.01
Condition x Reasoning 0.00 0.06 —0.04 0.03 —0.02 0.03 —0.03 0.08 0.00 0.08
Condition x Reading Comprehension —0.02 0.03 —0.04 0.03 —0.02 0.03 —0.04 0.07 —0.04 0.04

Note. CVS = control-of-variables strategy.

(Appendix continues)
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Figure A1
Depictions of Interaction Effects at Follow-Up
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Note. See the online article for the color version of this figure.
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