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Inquiry-based learning can be considered a critical component of science education
in which students can assess their understanding of scientific concepts and scientific
reasoning skills while actively constructing new knowledge through different types of
activity levels (Klahr and Dunbar, 1988; Bell et al., 2005; Hmelo-Silver et al., 2007; Mayer,
2007). However, engaging in inquiry activities can be cognitively demanding for students,
especially those with low prior knowledge of scientific reasoning skills (reasoning ability).
Learning new information when preexisting schemata are absent entails more interacting
elements and thus imposes a high working memory load, resulting in lower long-term
learning effects (Paas and van Merriénboer, 1994; Kirschner et al., 2006). Borrowing
knowledge from others via video modeling examples before carrying out an inquiry
task provides learners with more working memory capacity to focus on problem-solving
strategies and construct useful cognitive schemata for solving subsequent (virtual) inquiry
tasks (Kant et al., 2017). The goal of the present study (N = 174 6/7th graders) is to
investigate the benefits of combining example-based learning with physical, hands-on
investigations in inquiry-based learning for acquiring scientific reasoning skills. The study
followed a 2 (video modeling example vs. no example) x 2 (guided vs. structured
inquiry) x 2 (retention interval: immediate vs. delayed) mixed-factorial design. In addition,
the students’ need for cognition (Preckel, 2014), cognitive abilities (Heller and Perleth,
2000) (intrinsic, extraneous, and germane) cognitive load (Cierniak et al., 2009) and
performance success were measured. Although the results of an intermediate test after
the first manipulation were higher among students who watched a video modeling
example (d = 0.97), combining video modeling examples with inquiry was not found
to benefit performance success. Furthermore, regardless of manipulation, all students
achieved equal results on an assessment immediately following the inquiry task. Only in
the long run did a video modeling example prove to be advantageous for guided inquiry
(Tlp2 = 0.023). A video modeling example turned out to be a crucial prerequisite for the
long-term effectiveness of guided inquiry because it helped create stable problem-solving
schemata; however, the long-term retention of structured inquiry did not rely on a video
modeling example.

Keywords: inquiry(-based) learning, example-based learning, scientific reasoning skills, control of variables
strategy, video modeling example, prior knowledge, cognitive load
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INTRODUCTION

Scientific reasoning is an essential component of science
education standards in many countries (OECD, 2007; National
Research Council, 2013). Two distinct teaching approaches
have been employed to foster scientific reasoning skills in
school that appear contradictory at first glance: inquiry-based
learning (see section Inquiry-Based Learning) and example-
based learning (see section The Relevance and Effectiveness of
Example-Based Learning).

In inquiry-based learning, learners actively construct
knowledge by investigating scientific phenomena (Klahr and
Dunbar, 1988; Hmelo-Silver et al., 2007; Mayer, 2007). Although
meta-analyses have revealed (relatively modest) benefits of
inquiry-based learning in science (Furtak et al, 2012), other
studies have revealed an overload of working memory capacity
(e.g., Kirschner et al., 2006). High levels of inquiry, such as open
inquiry, are highly cognitively demanding and can overstrain
working memory resources, particularly among novice students.

In contrast, in example-based learning, students simply
receive an example illustrating how a specific model can be
used to solve a scientific problem. This approach is rooted in
the notion that learners are more likely to focus on crucial
aspects and procedures when they observe examples containing
helpful strategies before encountering problems they must solve
themselves. However, passively studying examples to reduce the
cognitive load might create illusions of understanding, which
might in turn inhibit the learning process (Baars et al., 2018) or
even result in the expertise reversal effect (Kalyuga et al., 2003)
when learners’ level of expertise is already high (see section The
Roles of Cognitive Load and Prior Knowledge). Thus, along with
their many advantages, both approaches have limitations that can
be explained with reference to cognitive load theory (see section
The Roles of Cognitive Load and Prior Knowledge).

According to van Gog et al. (2011), the provision of an
example before a problem-solving task is more effective than
problem-solving alone. Kirschner et al. (2006) recommend the
use of worked examples as effective methods for guided learning.
However, only a few studies have analyzed the effect of example-
based learning on a special form of problem-solving, inquiry-
based learning (Mulder et al,, 2014; Kant et al., 2017). The
present study investigates the need for video modeling examples
(combining features of modeling examples and worked examples,
Leahy and Sweller, 2011) prior to participation in two different
levels of inquiry involving less (guided inquiry) or more guidance
(structured inquiry). In addition to the effect of the combination
of video modeling examples and inquiry on short-term retention
(immediate performance), the potential long-term benefit (7 days
after the inquiry task) is particularly interesting.

Inquiry-Based Learning

Previous research has found that inquiry-based learning can be
more effective than direct instruction (Alfieri et al.,, 2011). In
inquiry-based scientific investigations, students solve authentic
scientific problems (e.g., investigating the impact of light on the
growth of plants) in a collaborative form of learning in which
they apply both content-related knowledge and methodological

skills (inquiry skills/scientific reasoning skills). After generating
hypotheses and planning appropriate experiments, students
actively conduct these experiments and analyze the results to
answer their scientific questions (Klahr and Dunbar, 1988; Klahr,
2000; Mayer and Ziemek, 2006; Mayer, 2007). The degree of
activity or open-endedness in both the methodological and
content phases is associated with students’ autonomy and the
amount of instructional support or teacher input (Table 1). In
open inquiry, the students themselves manage their learning
process, like real scientists (Bell et al., 2005). They independently
formulate research questions, design and conduct investigations,
and analyze their results. At the second highest level, guided
inquiry, students investigate a teacher-provided question using
an experimental plan they develop themselves. They also
conduct the investigations and interpret their results with
teacher guidance and support (e.g., scaffolding and feedback). In
structured inquiry, both the research question and an appropriate
experimental plan are provided by the teacher, but students
are asked to generate their own explanations for the results
they obtain. In verification inquiry, students are provided with
the maximum level of guidance and instructional support; they
merely conduct the experiment to verify already known results.
Thus, at a low activity level, students primarily passively receive
instructions, whereas a high activity level involves many different
prompts for students to generate new knowledge and thus a
maximum level of student output. Based on the results of a
meta-analysis by Lazonder and Harmsen (2016), students must
be adequately supported to achieve higher performance success
(d = 0.71, 95% CI [0.52, 0.90]) and learning outcomes (d =
0.50, 95% CI [0.37, 0.62]) and to increase learners’ involvement
in learning/learning activities (d = 0.66, 95% CI [0.44, 0.88]).
Guidance and support are needed to compensate for learners’ low
prior knowledge or poor scientific reasoning skills. Therefore,
guided and structured inquiry are the most common, powerful
and effective inquiry levels used in practice (Hmelo-Silver et al.,
2007).

The inquiry level can vary both with respect to the content
phases, which convey domain-specific concepts, and the
methodological phases, which promote scientific reasoning
skills. A focus on scientific reasoning is a key recommendation
of international science education standards (OECD, 2007;
National Research Council, 2013) to promote students
understanding of scientific and technical issues in our society
and their active participation in society. Scientific reasoning
involves hypothesizing, planning, experimenting, evaluating and

TABLE 1 | Levels of inquiry (Abrams et al., 2008) adapted from Schwab (1962)
and Colburn (2000).

Phases Levels of inquiry

Verification Structured Guided Open
Source of the question Given Given Given Open
Data collection methods Given Given Open Open
Interpretation of results Given Open Open Open

Given, Given by teacher; Open, Open to student.
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communicating the results of investigations (National Research
Council, 2013). Insights into the basic rules of unconfounded
evidence and their value are a crucial element of the inquiry
process and scientific reasoning (Chen and Klahr, 1999; Kuhn
and Dean, 2005). This essential scientific reasoning skill has
a critical contribution to science education and is known as
the control of variables strategy (CVS) (Linn et al., 1981; Chen
and Klahr, 1999). It refers to one’s ability to plan a controlled
experiment by holding exogenous variables constant and
examining one or more factor(s) of interest. The application
of this strategy substantially curtails the number of options
available from the experiment space, which consists of all
experiments that could potentially be performed (Klahr and
Dunbar, 1988). Moreover, the use of this strategy requires an
ability to differentiate between confounded and unconfounded
experiments in order to evaluate the evidence for and against
scientific propositions (Zimmerman et al., 1998). Debate and
controversy exist regarding the most effective approach to use
in teaching CVS. In some studies, learners are allowed to obtain
more knowledge about a system’s function through unguided
exploration, as is typical in open inquiry, leading to higher
learning outcomes (Vollmeyer and Burns, 1996), while other
studies show that unguided discovery methods are less effective
in teaching CVS (Klahr and Nigam, 2004; Alfieri et al., 2011).
Furthermore, the principles of unconfounded evidence are not
learned automatically; explicit practice is needed (Sneider et al.,
1984; Schwichow et al., 2016).

Regardless of the inquiry level at which investigations are
conducted, inquiry-based learning is characterized by active
engagement. Nevertheless, dynamic, effortful active learning
techniques, such as generating knowledge in a hands-on inquiry-
based learning environment, require a considerable investment
of cognitive effort and time, as they are characterized by a
high degree of complexity (Clark and Linn, 2003). Generation
requirements such as those found in authentic learning settings
impede learning, as their greater open-endedness correlates with
a higher cognitive burden (Kirschner et al., 2006; Chen et al.,
2016). Receiving instructional guidance via examples on how
to solve an inquiry task can reduce the degree of complexity
and result in better performance than solving problems without
any examples (e.g., Aleven, 2002; McLaren et al., 2008; van Gog
et al., 2009), a learning approach referred to as example-based
learning. According to the borrowing and reorganizing principle,
highly structured problem-solving strategies are best learned
from other people (Sweller and Sweller, 2006). This approach
prevents learners from overstraining their cognitive resources
with incorrect problem-solving strategies (Sweller and Sweller,
2006).

The Relevance and Effectiveness of

Example-Based Learning

Example-based learning distinguishes between two forms of
examples (van Gog and Rummel, 2010; Renkl, 2014): worked
examples (Sweller and Cooper, 1985; Cooper and Sweller, 1987;
Sweller et al., 1998; Schwonke et al., 2009), in which each
step of the procedure used to solve a problem is explained in

a text-based manner, and modeling examples (Bandura, 1977,
1986; Collins et al., 1989), in which a model demonstrates
and/or explains how to complete a problem-solving task. Worked
examples are effective in promoting problem-solving strategies
and integrating new with prior knowledge (Roth et al., 1999).
They are one of the most time-efficient, effective and widely
used instructional learning strategies, particularly in the initial
stages of skill acquisition (vanLehn, 1996; Salden et al., 2010).
Experiments have repeatedly demonstrated the worked example
effect (e.g., Renkl, 1997; Atkinson et al., 2000; Sweller et al., 2011),
mainly in fields such as algebra (Sweller and Cooper, 1985) and
computer programming (Kalyuga et al., 2001)—domains that
are clearly defined, well-structured (mostly iterative), and can be
investigated in laboratory studies. More recently, positive effects
have also been observed on scientific reasoning (Mulder et al.,
2014; Kant et al., 2017). The basic structure of a worked example
typically includes three crucial components: (1) examining the
key problem to raise awareness of the problem to be solved,
(2) explaining the procedure for solving the problem through
the completion of a certain number of steps in a specific order
to promote the construction of appropriate schemata, and (3)
describing the final solution to the problem (Renkl, 1997). After
completing all three steps, learners are asked to solve a similar
problem on their own to enhance the automation of their
problem-solving skills and ensure transfer (Atkinson et al., 2000).

The effect of worked examples is rooted in cognitive
load theory (see section The Roles of Cognitive Load and
Prior Knowledge). Worked examples provide learners with
full guidance concerning the key steps required to solve a
problem, thus automatically drawing learners’ attention to
relevant aspects that form a basis for subsequent problem-
solving. These examples allow appropriate cognitive schemata
to be developed (Crippen and Earl, 2007; Schworm and Renkl,
2007) before learners are confronted with actual problem-
solving demands and information. Sweller and Cooper (1985)
claim that worked examples lead to better learning of solution
procedures. While studying problems with detailed solutions
provides learners with a basic understanding of domain-specific
principles, the conventional problem-solving method focuses on
searching for processes rather than on aspects crucial to the
acquisition of cognitive schemata (Sweller and Cooper, 1985).

A main difference between worked examples and modeling
examples concerns attentional focus (Hoogerheide et al., 2014).
Modeling examples provide learners with the opportunity to
observe a model solving a task without explicitly focusing on
relevant aspects or dividing the procedure into individual steps.
This approach requires learners to selectively focus on the most
critical elements of the demonstrated behavior. The observed
information is actively organized and integrated with the learner’s
prior knowledge during a constructive process. However, the
nature of learners cognitive representations and the level at
which they possess the component skills determines whether
learners are able to effectively apply the observed strategies
(Bandura, 1986). Previously, modeling examples have mainly
been used to convey (psycho) motor skills (e.g., Blandin et al.,
1999) and skills with low levels of structure (e.g., Braaksma
et al,, 2002; Zimmerman and Kitsantas, 2002: writing; Rummel
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and Spada, 2005; Rummel et al., 2009: collaboration). However,
over the last few years, new variants of modeling examples have
been established in online learning environments that combine
features of both worked and modeling examples. For instance,
the steps of a problem-solving procedure are shown or/and
illustrated on a model’s computer screen while a non-visible
model explains the relevant actions (e.g., McLaren et al., 2008;
van Gog et al., 2009, 2014; Leahy and Sweller, 2011). These
new formats (known as “video modeling examples”) combine
the advantages of both forms of examples. They employ the
audiovisual method of modeling examples and the structured,
step-wise procedure of worked examples. By structuring the
problem-solving procedure into separate steps and dispensing
with a visible model, learners’ attention can be focused on task
performance and not distracted by task-irrelevant information,
e.g., other people’s faces, gestures, clothes, and movement (see
van Gog et al., 2014). The replacement of written text of worked
examples with spoken text leads to a division of information
processing into two working memory systems (Baddeley, 1986).
Learners direct their visual attention to the images while
simultaneously listening to the explanation of the non-visible
model. According to the modality effect (Mousavi et al., 1995;
Mayer and Moreno, 1998; Kiihl et al., 2011), this strategy helps
reduce the working memory load (Ginns, 2005; Leahy and
Sweller, 2011; Sweller et al., 2011). In addition, learners’ attention
can be guided to the most relevant elements by highlighting,
coloring and zooming in on important aspects.

The Roles of Cognitive Load and Prior

Knowledge

An unguided problem provides no indication of which elements
should be considered, in contrast to a worked example.
Therefore, the study of worked examples reduces the number
of elements that must be processed by the working memory
(Chen et al,, 2016). Since the cognitive architecture is restricted
by the working memory capacity, element interactivity—or the
degree of complexity of learning content within the framework
of cognitive load theory that depends on the learner’s prior
knowledge (Sweller, 2011; Chen et al.,, 2016), may not exceed a
certain amount if the goal is to promote effective learning. A
higher level of element interactivity requires a greater working
memory capacity, resulting in a high intrinsic cognitive load.
Approaches that guide learners in the right direction removes
the need to employ trial and error strategies (Renkl, 2014).
Thus, learners can apply their full working memory capacity to
construct a problem-solving schema to use in future problem-
solving tasks (Cooper and Sweller, 1987). According to the
information store principle, knowledge borrowed from others
(i.e., instructors) can be reorganized and transferred to long-term
memory for storage (Sweller and Sweller, 2006).

The way instructional material is presented also affects
working memory, which is referred to as extraneous cognitive
load. Both high intrinsic and high extraneous cognitive load
might restrict long-term learning outcomes (e.g., Klahr and
Nigam, 2004; Kirschner et al, 2006). This influence should
be considered when deciding on an appropriate level of
instructional guidance. In particular, learners with little expertise
or little prior knowledge in the relevant content domain do

not benefit from being confronted with too much information
and opportunities for active participation at one time. Providing
those learners with more instructional guidance before a
problem-solving task (in the form of an example) and/or during
the task (e.g., via guided or structured inquiry) can reduce
mental exertion, thus ensuring that learners’ cognitive resources
are focused on the most relevant aspects (Sweller et al., 2011;
Chen et al., 2016). This approach in turn increases the germane
cognitive load, which promotes learners’ understanding and the
transfer of newly acquired knowledge to long-term memory
(Paas and van Merriénboer, 1994; van Merriénboer and Sweller,
2005). On the other hand, the long-term retention and transfer
of acquired skills were recently shown to only be achieved
through active knowledge construction/generation (Bjork and
Bjork, 2014), and thus require high levels of inquiry.

Indeed, an investigation of the active generation of scientific
reasoning skills revealed a long-term benefit when a high level
of generation success was ensured during inquiry (Kaiser et al.,
2018). Students who (successfully) generated plans for scientific
investigations (scientific reasoning skills) were at an advantage
compared to a matched group that simply followed provided
instructions. This phenomenon is referred to as the generation
effect (Jacoby, 1978; Slamecka and Graf, 1978). It arises when
items are better remembered when they are generated rather than
simply read. It is considered an indication that active knowledge
construction leads to a higher level of retention than passive
observation. On the one hand, direct instruction that completely
explains the underlying principles and procedures promotes
effective learning, particularly for novel information with high
element interactivity—as is usually the case in structured inquiry
(Kirschner et al., 2006). On the other hand, the generation effect
indicates that active knowledge construction leads to higher
retention than passive observation, which favors guided inquiry.
However, only a few studies have reported a positive generation
effect on complex educationally relevant science material (e.g.,
Foos et al., 1994; Richland et al., 2007; Kaiser et al., 2018). As
shown in the study by Foos et al. (1994), the effect is masked
in applied settings because overall test performance is examined
instead of performance on (successfully) generated items alone.
A generation effect does not exist for non-generated items and
is only observed for (successfully) generated items (Foos et al.,
1994). Thus, the effectiveness of active generation in an authentic
and complex learning environment, such as inquiry-based
learning, relies on high generation success during the inquiry
session, which in turn depends on prior knowledge (Kaiser et al.,
2018). According to Kaiser et al. (2018), immediate performance
(success) and the retention of scientific reasoning skills in guided
inquiry are primarily influenced by prior knowledge provided
through video modeling examples. Thus, learners who aquire
a certain amount of (prior) knowledge via a video modeling
example are more likely to profit from active generation.

Little research has been conducted on complex curriculum-
based material and the impact of prior knowledge on active
generation. Most previous studies on the generation effect have
considered rather simple material (e.g., synonyms and rhymes)
in controlled laboratory settings. They have mainly included
non-curricular material for which no preexisting knowledge is
required. Moreover, the studies that have examined the influence
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of prior knowledge by employing educationally relevant material
tend to focus on mathematics. For instance, the study by Rittle-
Johnson and Kmicikewycz analyzed the effect of prior knowledge
on generating or reading answers to multiplication problems.
Third graders with low levels of prior knowledge profited from
self-generating answers to the problems. These students had
better performance on the post-test and retention test than their
peers subjected to the reading condition, even on problems they
had not practiced (Rittle-Johnson and Kmicikewycz, 2008). Thus,
learners’ prior knowledge and intuitions often contravene new
knowledge (Bransford et al., 2000). In contrast, the effect of active
generation tends to be much more muted for the retrieval of
unfamiliar material, such as nonwords, or new material, such
as unfamiliar sentences from textbooks or experimental plans
(Payne et al., 1986; McDaniel et al., 1988; Lutz et al., 2003;
Kaiser et al., 2018). Therefore, the generation effect only applies
to information rooted in preexisting knowledge (Gardiner and
Hampton, 1985; Nairne and Widner, 1987). The results reported
by Chen et al. (2016) confirm these findings and explain the
discrepancy with the findings described by Rittle-Johnson and
Kmicikewycz (2008) by showing that the generation effect only
occurs for material with low element interactivity. Element
interactivity, in turn, depends not only on the complexity of the
material but also on learners’ prior knowledge. Learners with
a low level of prior knowledge have more problems generating
correct information and procedures when faced with highly
complex material, resulting in poor performance compared to
high-knowledge learners (e.g., Siegler, 1991; Shrager and Siegler,
1998). Learners with a higher level of relevant prior knowledge
face a lower element interactivity and require less guidance to
successfully solve a problem due to the low intrinsic cognitive
load (Sweller, 1994). In contrast, a high intrinsic cognitive
load must be reduced to prevent the learner from exceeding
his/her working memory limits. However, reducing cognitive
load is unnecessary or even counterproductive when the intrinsic
cognitive load of the relevant content is low due to the learner’s
high level of expertise (Chen et al, 2016). High-knowledge
learners even tend to face disadvantages above a certain level
of guidance and receipt of Supplementary Information—known
as the expertise reversal effect (Kalyuga et al, 2003). Thus,
the role of guidance in teaching remains an important and
controversial issue in instructional theory (Craig, 1956; Ausubel,
1964; Shulman and Keisler, 1966; Mayer, 2004; Kirschner et al.,
2006). Mulder et al. (2014) found that heuristic worked examples
(Hilbert et al., 2008; Hilbert and Renkl, 2009) enhanced students’
performance success but did not result in higher post-test
scores. However, they recommended further research on the
delayed effects of worked examples in the area of inquiry-
based learning, consistent with the findings reported by Hiibner
et al. (2010) of a worked example effect on a delayed transfer
task using strategies for writing learning journals. Kant et al.
(2017) observed higher learning outcomes for students who
watched a video modeling example before solving an inquiry
task than for students who were provided with an example
after the inquiry task. The authors compared four groups
(example-example, example-inquiry task, inquiry task-example,
and inquiry task-inquiry task) with regard to their learning

outcomes, perceived difficulty and mental effort, judgments of
learning, and monitoring accuracy in a simulation-based inquiry
learning environment. The learners in the example groups
were provided with a video modeling example in which two
models solved an inquiry task—the same task the learners were
required to solve on their own in the control condition. Studies
on the necessity of combining example-based learning with
different levels of inquiry-based learning for the acquisition of
scientific reasoning skills are still outstanding. Overall, long-term
investigations are lacking.

RESEARCH QUESTIONS

The present study aims to investigate the necessity of a video
modeling example for the development of scientific reasoning
skills, determine the extent to which different inquiry levels
(guided and structured inquiry) benefit from example-based
learning, and identify the role of learners’ cognitive load
in the long-term retention of scientific reasoning skills. An
experiment with students in Grades 6 and 7 was conducted
that compared the active generation of scientific reasoning
skills in guided inquiry to an inquiry task in which learners
simply read instructions on experimental design (structured
inquiry) with or without a video modeling example to achieve
these aims.

Consistent with recent findings reported by Kant et al
(2017) and Chen et al. (2016), we expected that watching
a video modeling example of a method to solve a scientific
problem by following the inquiry cycle and using the CVS
would positively affect learning outcomes in guided but not
structured inquiry (H1). We further expected an interaction
between the inquiry level and the presence or absence of a
video modeling example such that watching a video modeling
example would be more effective when combined with generating
answers (in guided inquiry) than reading answers (in structured
inquiry), particularly in the long term (Hibner et al., 2010)
(H2). Furthermore, we hypothesized that the perceived cognitive
load during the learning process would differ across the four
conditions (video modeling example vs. no example x guided
vs. structured inquiry). According to Kirschner et al. (2006),
sturctured inquiry with a video modeling example should result
in the lowest cognitive load, while guided inquiry without a
video modeling example should result in the highest load on
working memory capacity. In contrast, guided inquiry with
a video modeling example should reduce learners’ intrinsic
and extraneous cognitive load, increase the germane load, and
promote the learning process (H3). Generation success has been
reported to be a reliable predictor of learning outcomes (Foos
et al., 1994; Kaiser et al., 2018). Based on these findings, we
assumed that students would achieve higher performance during
guided inquiry when a video modeling example is provided (H4).

METHODS

Participants
We conducted an a priori power analysis using G*Power
(Software G*Power; Faul et al., 2007) with a significance level of
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a = 0.05, a medium effect size of f = 0.25 and a desired power
of 0.8; the results indicated a recommended sample size of N =
179. Two hundred and fifteen German students in Grades 6 and 7
from 9 classes in five different schools participated in the present
study. A total of 174 students (M = 12.05 years, SD = 0.629)
completed all tasks and the first and second post-test. Forty-one
students were excluded due to illness or failure to consent to
data usage. All data were collected and analyzed anonymously.
A subsample of this dataset was already used by Kaiser et al.
(2018) to analyze the role of generating scientific reasoning skills
in inquiry-based learning in a 2 x 2-mixed-factorial design. In
the present study, we used the total sample in an extended 2 x
2 x 2-mixed-factorial design and with (partially) different test
instruments. Thus, new data were analyzed. Since the goal of
our study was to analyze whether an example is actually needed
to achieve a long-term benefit from inquiry-based learning, the
control condition was not provided with any form of example.
We based our design on the study by Mulder et al. (2014), who
also withheld access to worked examples among students in the
control condition.

Participants in all classes were randomly assigned to one of
two inquiry conditions: guided inquiry, n = 68 with a video
modeling example and n = 22 without an example; or structured
inquiry, n = 64 with a video modeling example and n = 20
without an example.

The limited number of participants assigned to the control
conditions was based on decisions by the participating classes.
Classes were able to choose between an additional computer-
based introduction to inquiry-based learning in the form of
a video modeling example 1 week before completing the
experimental unit or a short briefing (without an explicit
example) on the same day the experimental was conducted. Most
classes selected the extended version. However, students’ level of
experience in inquiry-based learning was not the reason for their
decision. All students had the same low level of expertise.

Research Design

The study used a 2 (video modeling example vs. no example)
x 2 (guided vs. structured inquiry) x 2 (retention interval:
immediate vs. delayed) mixed-factorial design. Two levels of
inquiry, guided inquiry (GI) vs. structured inquiry (SI) and with
(+VME) vs. without a video modeling example (-VME), served
as the independent variables. As dependent variables, scientific
reasoning skills were tested at two different measurement points:
post-test performance immediately after the intervention and a
follow-up test 1 week later. This approach allowed us to compare
the learning and transfer effects on the CVS resulting from guided
or structured inquiry with or without a worked example in the
short- and long-term. The tests were constructed by applying
an equating facet design to control for item difficulty and avoid
unanticipated test effects (see section Scientific Reasoning).

Materials

Learning Content

The students were to learn procedures and strategies for holding
variables constant (CVS), as well as the fundamental scientific
reasoning skills of hypothesizing (searching the hypothesis

space), experimenting (testing hypotheses), and evaluating
evidence. The learning environment consisted of two different
student experiments: a virtual experiment with a computer-based
learning program and a real experiment in an inquiry-based
student lab. Both experiments analyzed the concept of behavioral
adaptations among animals living in and around a pond.

Video modeling example

In the first session, all students briefly discussed the purpose and
intent of scientific inquiry with a specially trained instructor, who
subsequently introduced them to the topic of “animals of the
pond.” Afterwards, one group of the students was taught the CVS
in a uniform computer-based introductory session in the new
format of a video modeling example (+VME), which combines
the benefits of worked examples and modeling examples (see
section The Relevance and Effectiveness of Example-Based
Learning). The session was designed to develop the students’
scientific thinking and understanding of the reason for holding all
variables constant across experimental conditions while varying
the one variable being investigated. After a short introduction to
the discipline-specific methods employed by scientists, a virtual
professor (“Professor Plankton”) familiarized the students with
the inquiry cycle and the learning content of the unit (the concept
of behavioral adaptations among animals living in and around a
pond) by guiding them through eight video units corresponding
to the steps of an illustrative experiment about dragonfly
(Anisoptera) larvae hunting their prey: phenomenon, research
question, hypotheses, plan, investigation, analysis, interpretation,
and discussion. The example of dragonfly larvae hunting their
prey was used to introduce the students to the crucial phases
of scientific inquiry: (1) formulating research questions, (2)
inferring one or more hypotheses, (3) planning and conducting
an experiment, and (4) analyzing the experiment (describing
the data, interpreting the data, and critically evaluating the
methods used). The students were shown the steps of the
procedure on the Professor’s computer screen while a non-
visible speaker explained the Professor’s actions. Hence, the
students were able to study the example in a step-by-step
procedure by directing their visual attention to the images while
simultaneously listening to an explanation by a non-visible model
(see the Supplementary Material: Screenshots VME).

Inquiry tasks
In the laboratory sessions, all students completed a scientific
experiment using the CVS entitled “The Mystery of Water
Fleas’ Migration” (Meier and Wulff, 2014), which focused on
the daily vertical migration of water fleas (Daphnia magna).
This phenomenon was related to the initial example in the
learning program, as it also involves a biological adaptation,
or structural or behavioral changes that help an organism
survive in its environment. Biological adaptation is considered a
core disciplinary concept in leading science standards (National
Research Council, 2013), which none of the participating classes
had covered previously in class.

The module aimed to teach scientific thinking and scientific
reasoning skills via guided experimentation. All students received
a research workbook (see Supplementary Material: Research

Frontiers in Education | www.frontiersin.org

October 2019 | Volume 4 | Article 104


https://www.frontiersin.org/journals/education
https://www.frontiersin.org
https://www.frontiersin.org/journals/education#articles

Kaiser and Mayer

Benefit of Examples for Inquiry

Workbooks in Kaiser et al., 2018) to support the students’
learning process and provide guidance across all phases of the
inquiry cycle (hypothesis generation, designing and conducting
an experiment, and interpreting the results). Students in the
“Guided Inquiry” (GI) condition received 13 short prompts
that helped them plan an appropriate experiment by identifying
the independent and dependent variables, control variables
(see Supplementary Material: Example Inquiry task), and
confounding variables (short answer tasks), as well as a cloze
(consisting of 130 words and 15 prompts) that asked them
to retrieve information about the CVS immediately following
the experimental session. The students in the “Structured
Inquiry” (SI) condition received research workbooks with direct
instructions for conducting an experiment instead of generation
prompts, and a reading text rather than a cloze at the end.

The content of the research workbooks was structured in a
similar manner across conditions to ensure comparability. All
prompts and feedback material in the GI condition were derived
from the text material in the SI condition. Moreover, the students
were provided the same amount of time for cognitive processing.

Instruments

Three assessment time points were integrated into the
experimental design: the first test was administered prior
to the inquiry task or after the video modeling example, the
second was administered after the inquiry task, and a final test
was administered after a retention interval of 1 week. In addition
to scientific reasoning skills (see section Scientific Reasoning),
the students’ success in generation (see section Learners’
Performance Success in Guided Inquiry) and perceived cognitive
load (Cierniak et al., 2009) (see section Learners’ Cognitive Load)
were assessed during the experimental task. Data on the students’
demographics; grades in biology, math, and German; need for
cognition (Preckel, 2014) and cognitive abilities Heller and
Perleth, 2000 (see section Learners’ Prerequisites) were collected
at each of the three assessment time points. All measurements
were paper-based.

Scientific Reasoning
Three questionnaires assessing the acquisition and retention of
scientific reasoning skills were developed to evaluate the learning
outcomes. After conducting statistical item analyses, the final
assessment tests consisted of 6 to 10 items, both single choice and
open-ended (Janoschek, 2009; Hof, 2011; Wellnitz and Mayer,
2016; modified). All single-choice items had four possible answer
options. In contrast to Kaiser et al. (2018), we also tested the
students’ inquiry skills in an open-ended format, which allowed
us to examine higher levels of competence in inquiry skills.
Immediately after the video modeling example or immediately
before the inquiry session, depending on the condition, students
completed an intermediate assessment test consisting of six items
to identify individual differences in scientific reasoning skills.
The assessment test comprised four open-ended items and two
single-choice items. Item difficulty was appropriate (p = 0.56), a
moderate level of difficulty, and the test indicates an acceptable
level of reliability (o = 0.60) for comparing groups (Lienert and

Raatz, 1998). Furthermore, the discrimination parameters were
all above rit > 0.30.

The following scientific reasoning tests were completed
10 min after the inquiry task and 1 week later (five single-choice
items and four or five open-ended items, respectively) (Figure 1).
All tests required students to demonstrate their understanding
of CVS. They were either asked to select the appropriate design
from a set of confounded and unconfounded experiments,
amend a confounded experiment, or identify the independent
and dependent variables in an unconfounded experiment. We
incorporated anchor items into the two post-tests to ensure
comparability and provide a baseline for an equating analysis.
The construction of the anchor items was based on an equating
facet design with three dimensions to ensure systematic variation
(Table 2). Each anchor item provided a uniform description of
an experimental design (fask context) in each post-test, followed
by a prompt to either complete Task (1), (2), or (3) in one or
two task formats (single choice and/or open-ended item). The
use of the same task context ensured the comparability of the
two post-tests and sought to focus students’ attention on inquiry
skills rather than distracting them with excess content-related
information. The three different tasks invited students to evaluate
the quality of others’ research—to identify the independent
and dependent variable (searching the hypothesis space), select
an appropriate experimental design (testing a hypothesis) or
evaluate appropriate measurements (analyze scientific evidence).
One of six task contexts was allocated to each task. In addition,
some anchor items encompassed two different task formats:
single choice (SC) and open-ended (O) counterpart items. Thus,
two to six versions of each task context appeared in the test, with
varying variables to be defined (see the Supplementary Material:
Example Anchor Item). Three task contexts were used in all three
tests, while five contexts were used in post-tests 1 and 2 only.
Thus, students were tested with 19 (3 x 3 + 5 x 2) anchor items
referring to the same scientific knowledge construct and skills
across the three measurement points.

Item difficulty, internal consistency, and discrimination
parameters were analyzed for post-tests 1 and 2. Item difficulty
was appropriate (p = 0.50-0.58) and the tests were reliable (a
= 0.70-0.72) for comparing groups (Lienert and Raatz, 1998).
Furthermore, the discrimination parameters were all above
rit > 0.30.

Learners’ Cognitive Load

The students’ perceived cognitive load was assessed under all
conditions immediately after the inquiry session. Since the main
focus of the study was the learning outcomes (see section
Scientific Reasoning) and student performance (see section
Learners’ Performance Success in Guided Inquiry), we sought to
keep the questionnaire brief to avoid overtaxing our sample of
young learners and decreasing their motivation. The instrument
comprised five items (after excluding one) to which the students
responded on a six-point Likert scale (ranging from 1 =
low to 6 = high) (o = 0.66, rit > 0.20, Cierniak et al,
2009, modified). Cierniak et al. (2009) used this instrument
to analyze how different cognitive load types mediate the split
attention effect (e.g., Chandler and Sweller, 1991, 1992, 1996)
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[ Introduction ]

 Animals of the pond, control-of variables strategy (CVS)

[ Training phase 1: worked example (elearning) ]

* Group 1 - video modeling example for CVS (elearning)
* Group 3 - video modeling example for CVS (elearning)

Group 2 - no example for CVS
Group 4 - no example for CVS

Intermediate test

« Scientific reasoning test (2 SC-Items, 4 open-enden Items), demographics, need for cognition (19 Items)

[ Training phase 2: inquiry task (physical experiment)

—

* Group | - guided inquiry task
* Group 3 - structured inquiry task

Group 2 - guided inquiry task
Group 4 - structured inquiry task

'

Accompanying measures ]

» Cognitive load (5 Items)

[ Posttest 1 (immediate) ]

« Scientific reasoning test (5 SC-Items, 4 open-enden Items)

[ Posttest 2 (1-week delayed) ]

« Scientific reasoning test (5 SC-Items, 5 open-enden Items), cognitive abilities (23 Items)

FIGURE 1 | Procedure with the four assessment time points (in bold) and the assessed variables.

in a learning environment with biological content that included
complex figures with accompanying texts. Their measure was
chosen because their learning environment was similar to our
environment and their questionnaire was shorter than more
frequently used scales, such as the scale used by Leppink et al.
(2014). In our study, intrinsic and extraneous cognitive load were
measured with 4 items, for IL: (1) “How difficult was it for you to
understand the experiment?” and (2) “How difficult was it for you
to work like a research scientist?,” and for EL: (3) “How difficult
was it for you to work with the research workbook?” and (4)
“How difficult was it for you to understand the work instructions
in the research workbook?” A single item was used to assess
germane load, GL: (5) “How strongly did you concentrate while
learning today?.” One item “How much effort did you need to
invest into learning today?,” was excluded due to insufficient item
properties (see the Supplementary Material: Questionnaire for
Cognitive Load in Kaiser et al.,, 2018). Items (1), (3), and (5) were
adopted from Cierniak et al. (2009); items (2) and (4) were new
Supplementary Items.

Learners’ Abilities

Learners’ prerequisites

Two questionnaires with good validity (NFC: p = 3.58, o =
0.89, rit > 0.30; CA: p = 0.48, o = 0.91, rit > 0.30) were
included in the study design to assess students’ prerequisites,
namely the need for cognition (Preckel, 2014) and cognitive
abilities (Heller and Perleth, 2000). The questionnaire for the
need for cognition comprised 19 items, with responses indicated
on a five-point Likert scale. The Questionnaire for Cognitive
Abilities for 6th Graders measured the students’ figural inductive

reasoning skills by asking them to identify figural analogies (KFT
4-12+ R, Subtest N, Heller and Perleth, 2000). It comprised 24
items (after excluding one). Each item had five answer options
and only one correct answer. The students were tasked with
answering as many items as they could within 9min (see the
Supplementary Material: Questionnaire for Cognitive Abilities
in Kaiser et al., 2018).

Learners’ performance success in guided inquiry

We further collected qualitative data in the form of all
student responses to the generation prompts in the students’
research workbooks under the inquiry condition, including
the students’ proposed experimental designs, discussions of
research methodology and the final cloze. This made it
possible to confirm the effect of the treatment and examine
the role of generation success in short-term and long-term
retention. The data were coded on a scale with a potential
range of 0 to 33 points. The following components of the
experimental design were assessed (each on a 0-2-point scale):
identifying the independent and dependent variables; designing
a controlled experiment in which one independent variable
is varied and all other relevant variables are held constant,
thus controlling for potential biases and confounding factors;
and specifying the measurement time points and number of
animals (water fleas) in the experiment. With respect to the
methodological discussion, the following factors were evaluated
(also on a 0-2-point scales): ensuring equal control conditions
and describing its importance, using an LED light and more
than 10 water fleas and describing their importance, avoiding
external confounders (light pollution, bumping into the desk,
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TABLE 2 | Equating facet design with the three dimensions task, task context, task format (SC, O).

Task Task context Intermediate test Post-test 1 Post-test 2
(1) Choose an appropriate design Anchor AD: AD: AD:
(AD) from a set of confounded and Factors influencing the growth clay vs. soil Sunlight vs. no sunlight Water vs. no water
unconfounded experiments of beans
SC SC SC
— (o) —
(2) Identify the independent variable Anchor IV: IV:
(IV) and the dependent variable (DV)  Factors influencing the sugar temperature care
in an unconfounded experiment production of sugar beets DV: sugar production of DV: sugar production of
sugar beet sugar beet
SC SC
O O
Anchor IV: IV:
Factors influencing fish’s breathing in number of fishes in temperature
an aquarium an aquarium DV:
DV: fish breathing fish breathing
SC SC
O O
Anchor Vi IV: IV: temperature
Factors influencing woodlice’s humidity darkness DV: DV:
habitat selection DV: preferred habitat of woodlice  preferred habitat of woodlice

(3) Correct a confounded
experiment/identify the disturbance
variable (DI)

Non-anchor
Factors influencing backswimmers’
hunting for prey

Non-anchor
Factors influencing dragonfly larva’s
hunting for prey

Non-anchor
Factors influencing effervescent
tablets’ release of COo

Anchor
How light influences water
fleas’ behavior

preferred habitat of woodlice
SC

(0]

Vi

visual stimulus

DV: reaction of
backswimmers

SC

(0]

Vi

size of prey

DV: reaction of the dragon
fly

SC

SC
O

DI

aquatic plant on one side of
the aquarium

SC

SC
O

IV: temperature

0]

DI: feeding of a number of
experimental animals

SC

and noise) and describing its importance, and the necessity and
duration of a habituation period for the water fleas (for further
information, see the Supplementary Material: Coding scheme
in Kaiser et al., 2018).

Interrater reliability was calculated using the Kappa statistic
to evaluate the consistency of the two independent raters. The
Kappa value was 0.94 (p < 0.001), indicating almost perfect
agreement (Landis and Koch, 1977).

The research workbooks and the complete coding scheme are
published in the study by Kaiser et al. (2018).

Procedure

The experiment consisted of three phases: an introductory video
modeling example with a subsequent intermediate test (see
section Computer-Based Introduction via a Video Modeling
Example), an inquiry-based learning session with a subsequent
post-test (see section Inquiry Task), and a second post-test.
One hundred and thirty-two students engaged in all three
sessions (+VME), which were scheduled over 3 weeks. The
other 45 students did not participate in the first computer-based
session (-VME).
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Computer-Based Introduction via a Video Modeling
Example

The first session required ~60min to complete and was
performed at school. A group of students (+VME) received
guided instruction in a computer-based learning environment
and then individually worked through a brief learning session
on computers. Each student had a headset that allowed them
to explore the learning program, which consisted of videos and
short reading passages, at their own pace. A video modeling
example familiarized the participants with fundamental scientific
reasoning skills. A virtual figure called Professor Plankton
led the students through the learning program. The students
were introduced to all experimental phases and the specific
terminology associated with them. This instruction lasted 30 min.
Immediately afterwards, the students completed a paper-based
intermediate assessment test, which sought to identify individual
differences in scientific reasoning skills. The students required
an average of ~25min to complete the test; a time limit
was not established. The students who did not work through
the computer program (-VME) were asked to complete the
assessment test items immediately before the inquiry task (in the
second session).

We also collected data on the students demographics,
cognitive abilities, need for cognition, and grades in math,
German and biology. All students were also asked to indicate
whether they had previously attended an inquiry course in our
student lab. Students who attended this course were excluded
from the calculations. Students were clearly informed that the
learning program was in preparation for a subsequent inquiry
module at the university.

Inquiry Task

The inquiry module, a scientific experiment on water fleas
vertical migration, took place 1 week after the computer-
based introduction. It was conducted in an inquiry-based
learning environment in a university lab tailored to work with
school students.

During this learning phase, individual students in each
class were randomly assigned to the two conditions [guided
(GI) vs. structured inquiry (SI)] and separated into small
groups (up to five students). They received instruction from
trained supervisors. Thus, the students in each group knew
one another before the start of the inquiry activity. Intermixing
students across classes was not feasible because we only had
access to one student lab, a limited number of experimental
materials, rooms and supervisors were available, and for other
organizational reasons. The supervisors received scripts with
detailed information about each inquiry phase to assist them
in providing uniform guidance to all groups during the inquiry
activity. Supervisors at both inquiry levels were prohibited from
answering questions on scientific reasoning to ensure that we
collected accurate data on students inquiry skills. The key
difference between the two inquiry levels was the amount of
information and instructional support provided; however, the
total instructional time remained the same across conditions.
The students in each condition were allowed ~180min to
complete the inquiry task in two separate rooms after receiving

uniform (general) instructions from their supervisor. Each
task was assigned a certain maximum duration (see the
Supplementary Material: Research Workbook in Kaiser et al.,
2018).

The main differences between the conditions are listed
below. Students in the SI condition were provided with a
detailed experimental plan and a discussion of the method that
would be used, whereas students in the GI condition were
required to actively generate their own experimental plan and
discuss the data they collected using the inquiry skills acquired
in the introductory section. They first generated information
individually by identifying independent and dependent variables
and jotting down ideas for experimental procedures (scientific
reasoning skills: inferring hypotheses, aspects: independent
variable and dependent variable; Arnold et al., 2014) (individual
work). After discussing their preliminary ideas with one another,
the students in each group worked together to develop a
detailed experimental plan that operationalized the dependent
variable, appropriately varied the independent variable, identified
and controlled for biases and confounders, and specified
the measurement intervals and number of measurement
points (scientific reasoning skills: planning experiments, aspects:
independent variable, dependent variable, confounding/nuisance
variables, measurement points, and repeated measures; Arnold
et al.,, 2014) (team work). The second phase proceeded in the
same manner. First, the students individually analyzed the biases
for which they had controlled in the experiment by completing a
corresponding checklist (see Example 3) (individual work); then,
they discussed their data in groups (team work). The students
followed the same procedure and used the same terminology
presented in the video modeling example.

As students have been shown to perform better during
inquiry when provided more specific guidance (Johnson and
Lawson, 1998; Borek et al, 2009; Lazonder and Harmsen,
2016), the students received corrective feedback from their
supervisor after both phases to ensure that the students had
access to a sufficient amount of information. However, the
information the supervisors were permitted to provide was
limited to the material defined in a workbook of instructions
(see the Supplementary Material: Workbook of Instructions for
Generation Group in Kaiser et al., 2018), which all supervisors
were required to use. Supervisors provided the students with
correct responses or instructed them on how to supplement
and/or revise their proposed experimental plans to help the
students dismiss incorrect ideas and identify new ideas by
following the provided cues. In contrast, students in the SI
condition were explicitly informed about which variables to
investigate and were provided a series of prescribed steps to
follow, similar to a recipe. Instead of completing a checklist and
discussing bias after the experiment, the students were simply
informed about possible confounders that may have influenced
the dependent variable.

Apart from these differences, the procedure was identical
under all conditions. Students in both groups completed
the physical hands-on activities involved in conducting the
experiment, because practice is necessary for learners to develop
an understanding of the principles of unconfounded evidence
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(Sneider et al., 1984; Schwichow et al., 2016). Moreover, no
students were asked to generate any content-related information.
Thus, they stuck to appropriate interpretations of their
experimental data.

Immediately after the inquiry-based learning session, students
in all treatment groups completed the same questionnaire
about cognitive load, followed by an assessment test measuring
scientific reasoning skills (with five SC and four open-ended
items). Students were not informed in advance that they would
be taking these tests to prevent them from studying for the
tests and to increase the probability that post-test scores would
reflect knowledge acquired during the experiment. One week
later, all students completed a second, comparable post-test with
five SC and five open-ended items. The students required an
average of ~30 min to complete each test; again, no time limits
were imposed.

Data Analysis

We conducted statistical analyses from the paradigm of classical
test theory using SPSS software to identify differences between
groups and among students with different abilities, as well
as to detect the influence of students’ characteristics on their
learning outcomes.

All results were significant at the 0.05 level unless indicated
otherwise. Pairwise comparisons were Bonferroni-corrected to
the 0.05 level. The partial eta squared (7]12;) value is reported as an
effect size measure for all ANOVAs, while Cohen’s d is reported
as an effect size measure for all ¢-tests.

RESULTS

No significant differences were observed between conditions
in students’ demographic data, grades, need for cognition or
cognitive abilities, indicating that randomization was successful.
Additionally significant differences were not observed between
the classes that participated in the computer-based introduction
and classes that did not, with the sole exception of biology grades.
The Bonferroni-adjusted post-hoc analysis revealed that students
in the SI+-VME condition achieved better grades in biology than
students in the SI-VME condition (0.59, 95% CI [1.09, 0.09], p
= 0.011). However, biology grades did not significantly affect the
learning outcomes.

We also monitored the data for CVS experts, or students who
answered all items on the intermediate test correctly without
receiving a video modeling example. However, no such experts
who might have distorted the results were identified.

Descriptive results for the learners’ performance in all test
sessions are shown in Table 3.

Learning Outcome —Video Modeling
Example vs. No Example in Guided or
Structured Inquiry on Short- and
Long-Term Retention (H1) and (H2)

The results were analyzed using a 2 (video modeling example
vs. no example) x 2 (guided vs. structured inquiry) x 2
(retention interval: immediate vs. delayed) ANOVA with

TABLE 3 | Means and standard deviations (in parentheses) of performance
assessed in post tests 1 and 2.

Gl+VME GI-VME SI+VME SI-VME
Post-test 1 (%) 55.88 (25.32) 59.09 (27.51) 62.33 (23.48) 52.22 (27.00)
Post-test 2 (%) 52.94 (24.19) 40.45 (24.59) 54.84 (26.73) 44.50 (23.95)
Generation success 17.30 (6.16)  14.59 (4.38) - -
N 68 (679) 22 64 20

aGeneration success could only be analyzed in 67 out of 68 research workbooks.

repeated measures. This model yielded a significant main effect
of time, F(1,170) = 18.54, p < 0.001, n,® = 0.098, but no
main effect of inquiry level, F(1,170) = 0.68, p = 0.412, and
only a marginal significant effect of the use of a video modeling
example, F(1,170) = 3.32, p = 0.070. Hence, students achieved
higher results immediately after the inquiry task than 1 week
later. Furthermore, we detected a significant interaction between
the retention interval and receipt of a video modeling example,
F(1,170) = 4.58, p = 0.034, npz = 0.026. The interaction between
the retention interval and level of inquiry was not significant,
F(1,170) = 0.06, p = 0.807, nor was the interaction between
inquiry level and use of a video modeling example, F(1,170) =
0.48, p = 0.488. However, a significant three-way interaction
was observed between the retention interval, receipt of a video
modeling example and level of inquiry, F(1,170) = 3.96, p =
0.048, 1> = 0.023. Thus, the usefulness of a video modeling
examples depends on the level of inquiry and the measurement
time point. Therefore, subsequent ANOVAs, post-hoc tests, t-tests
and multilevel analyses were performed.

Consistent with our expectations, the results of the
intermediate test after the first manipulation (video modeling
example vs. no example) were higher among students who
watched a video modeling example, £(172) = 5.48, p < 0.001, d
= 0.97 (Figure 2A).

All students achieved equal results on the assessment
immediately after the subsequent inquiry task, regardless of
the manipulation. Students who watched a video modeling
example before solving a guided or structured inquiry task only
outperformed students who did not receive an example in the
delayed tests, MD = 0.11, SE = 0.05, 95% CI [0.03,0.20], p =
0.011. No differences were observed at any time point between
the levels of inquiry.

Post-hoc analyses (Bonferroni-corrected) of interaction effects
revealed that the retention of scientific reasoning skills
significantly decreased between the two measurement points in
the GI-VME, MD = 0.19, SE = 0.05, 95% CI [0.09, 0.28], p <
0.001, and SI+-VME groups, MD = 0.08, SE = 0.03, 95% CI [0.02,
0.13], p = 0.007, but remained stable in the GI+VME and SI-
VME groups (Figure 2B). Furthermore, students who watched
a video modeling example before solving a guided inquiry task
(GI4+-VME) achieved higher learning outcomes in the second
assessment test than students who did not receive an example
before solving the same inquiry task (GI-VME), P2: MD =
0.13, SE = 0.06, 95% CI [0.03, 0.25], p = 0.045. No differences
were observed in the results of both assessment tests for paired
comparisons of structured inquiry (SI) (Figure 2B).
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FIGURE 2 | (A) Mean score of correct responses by treatment 1 (video
modeling example vs. no video modeling example) in percentage. (B) Mean

score of correct responses by treatments and time in percentage.

In addition, multilevel analyses were conducted with the
R packages lme4 (Bates et al., 2015), ImerTest and Ismeans
(Lenth, 2016) in the R environment, version 3.4.4 (R Core Team,
2018) to determine differences between the inquiry levels and
between groups provided with or without an example while
controlling for class effects. The presence of a video modeling
example (VME, no example) and the level of inquiry (guided
inquiry or structured inquiry) were the independent variables;
the dependent variable was scores on the two tests measuring
students’ achievement (P1 and P2). We controlled for classes to
remove variation in the dependent variable resulting from class
effects. Again, no significant differences were observed in the
assessment performed immediately after inquiry, P1: § = 0.029
(SE = 0.035), and in the subsequent assessment measure, P2: 8
= 0.019 (SE = 0.034) between the treatments when controlling
for class effects. However, the GI-VME group still produced
the worst descriptive results for Post-test 2 compared to all
other treatments.

Students’ Cognitive Load (H3)

In univariate and multivariate analyses of variance, we did not
observe a main effect of the video modeling example on overall
cognitive load, and only marginally significant differences in
germane load, F(1,170) = 2.91, p = 0.090. However, main effects
of the inquiry level on overall cognitive load, F(1,170) = 5.52, p
= 0.020, and extraneous load, F(1,170) = 8.09, p = 0.005, were
observed. Overall cognitive load was lower in the SI+VME group

(Msr4+ = 1.94, SD = 0.50) than in the GI4+-VME group (Mgr4+ =
2.26,8D = 0.69), MD = 0.315, SE = 0.11, 95% CI [0.02, —0.61], p
= 0.028, although both groups were exposed to the introductory
video modeling example.

Pairwise comparisons of the two conditions (GI+VME vs.
SI+VME; Bonferroni-corrected) revealed that this effect was
due to an increased extraneous load caused by generation in
guided inquiry, MD = 0.52, SE = 0.13, 95% CI [0.17, 0.86], p
= 0.001. Only marginally significant differences were observed
in the intrinsic load: MD = 0.32, SE = 0.13, 95% CI [—0.66,
0.019], p = 0.076, and no significant differences were observed in
the germane load. Pairwise comparisons revealed no differences
between the two inquiry levels when a video modeling example
was not presented (GI-VME vs. SI-VME; Bonferroni-corrected):
Mg = 2.17,SD = 0.71; Mgy = 2.38, SD = 0.75.

Furthermore, detailed analyses of the two guided and
structured inquiry conditions (GI+VME vs. GI-VME, SI+VME
vs. SI-VME) revealed no significant differences in any of the three
types of cognitive load. However, the GI-VME group exhibited
the worst descriptive results for germane load (Figure 3).

Students’ Performance Success (H4)

The students’ experimental plans and methodological discussions
were investigated to assess how much information each
individual student in the GI group was able to successfully
generate and at what frequency (total score 33). Thus,
this assessment represented an analysis of the role of
generation success.

No significant benefits of combining video modeling examples
with guided inquiry were observed with respect to generation
success, t(87) = 1.91, p = 0.060, although a clear descriptive
difference was observed (Table 3).

DISCUSSION

The goal of the present study was to investigate the necessity
of combining example-based learning with different levels of
inquiry-based learning for the acquisition of scientific reasoning
skills. Therefore, we analyzed the benefit of (a) presenting vs. (b)
omitting a video modeling example before (1) an inquiry activity
involving the generation of scientific reasoning skills (guided
inquiry) vs. (2) an inquiry activity that had students simply
read instructions for an experimental plan and an appropriate
methodological discussion (structured inquiry). A computer-
based learning program that contained a video modeling example
of how to investigate an authentic scientific research question
by following the inquiry cycle was developed for the purpose of
the study as preparation for the subsequent inquiry task. Effects
on the learning process, short-term and long-term learning
outcomes in terms of scientific reasoning skills, and crucial
prerequisites for effectiveness, such as performance success and
perceived cognitive load, were measured.

Hypotheses (H1) and (H2) were partially verified, as watching
a video modeling example of how to solve a scientific problem by
following the inquiry cycle and using the CVS positively affected
learning outcomes in guided, but not structured, inquiry (H1),
particularly in the long term (H2). A significant decrease in
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FIGURE 3 | Mean score of (intrinsic, extraneous, germane, overall) cognitive load by treatment (GI4+-VME, SI+VME, GI-VME, SI-VME).

retention was observed over a period of 1 week for guided inquiry
when a video modeling example was not provided. However, the
expected worked example effect for guided inquiry after a 1-week
delay was not significant.

Consistent with our expectations, structured inquiry with a
video modeling example resulted in the lowest cognitive load.
However, in contrast to our hypothesis (H3), the provision of
a video modeling example did not significantly reduce learners’
intrinsic and extraneous cognitive load or increase germane load
in guided inquiry.

Regardless of the treatment, students obtained equal results
on assessments after and during the inquiry task (performance).
Therefore, our hypothesis (H4) was not confirmed. Since the
results of an intermediate test were higher among students
who watched a video modeling example, the lack of differences
between conditions during and after inquiry might be related to
the fact that the inquiry task was designed in such a way that all
students—regardless of whether they had been provided with a
video modeling example—were able to plan, conduct and analyze
a scientific experiment using the CVS.

Guided vs. Structured Inquiry

Consistent with the findings reported by Kaiser et al., extraneous
load was significantly higher in the structured inquiry group
(with a video modeling example) compared to the guided
inquiry group (with a video modeling example). Nevertheless,
both levels of inquiry were equally effective. No generation
effect was observed after a 1-week delay. Students in the
structured inquiry group still had higher performance in terms
of absolute numbers. In contrast to Kaiser et al., we only
identified a descriptive, insignificant short-term disadvantage
among students who actively generated information in guided

inquiry. A potential explanation for this finding is that our
short-term assessment used both open-ended items and single
choice items, whereas Kaiser et al. only used a closed response
format. According to Hirshman and Bjork (1988), a generation
advantage or disadvantage is sensitive to different types of
memory tests (recognition, cued recall, and free recall). Solving a
generation task with an open-ended format in the inquiry-based
learning environment may increase performance on open-ended
retention test items. Conversely, students who passively receive
information about the experimental plan and methodological
discussion in structured inquiry may have an advantage
in a recognition format (e.g., single choice items) (transfer
appropriate processing, Morris et al., 1977). Therefore, an equal
number of single choice and open-ended items was essential
to ensure a fair comparison of both conditions. Furthermore,
answering open-ended questions is a more demanding process
for students, but enabled us to evaluate higher levels of
competence in scientific inquiry (Mayer et al., 2008), which
requires further analysis. Finally, although all students performed
significantly better on single choice questions than open-ended
questions, the difference between the two formats was indeed
higher in the structured inquiry group.

We expected that students who engaged in guided inquiry,
which required them to actively adopt the CVS, after watching
a video modeling example would exhibit a lower forgetting
rate than students who engaged in structured inquiry. In fact,
students who had engaged in guided inquiry with a video
modeling example exhibited the same performance on both tests,
while retention significantly decreased among students who had
engaged in structured inquiry. Based on these results, guided
inquiry is potentially more effective in teaching students CVS in
terms of memory and knowledge sustainability (storage strength,
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Bjork and Bjork, 1992). However, further research controlling for
generation success (Kaiser et al., 2018) is needed to confirm a
long-lasting effect.

Guided Inquiry

Watching a video modeling example before completing an
inquiry task was beneficial for students who were later asked
to actively generate their own experimental design using the
CVS, since retention in this treatment group did not decrease
within a week. These results confirm our first two hypotheses
(H1 and H2), and are somewhat consistent with the findings
reported by Kant et al. (2017) and Chen et al. (2016). However,
a worked example effect did not arise. In contrast to the results
presented by Kant and colleagues, in which a clear worked
example effect was immediately observed for video modeling
examples on virtual inquiry learning, video modeling examples
only affect long-term retention in guided inquiry in the present
study. When a video modeling example was omitted, retention
significantly decreased over a period of 1 week. Our finding of
along-term advantage of watching a video modeling example for
guided inquiry is consistent with the findings reported by Hiibner
et al. (2010) and Chen et al. (2016), who revealed the long-term
effectiveness of worked examples.

According to our results, a video modeling example enabled
students to borrow information from the non-visible model
by utilizing the strategies discussed and applied in the video
modeling example (Bandura, 1986). The video modeling example
helped students focus on relevant aspects and procedures to
acquire new cognitive schemata for planning and discussing
scientific investigations during guided inquiry. These findings
support the notion that learning through modeling is more than
just simple imitation (Bandura, 1986). Reliance on observed
strategies when solving a less structured inquiry task enabled
the students to increase their working memory capacity during
inquiry and helped foster their storage strength (Bjork and
Bjork, 1992) for the observed strategies for up to 1 week.
Thus, the generated information from the inquiry session was
permanently integrated into the cognitive schemata acquired
from the video modeling example, whereas new information
generated during guided inquiry did not result in the same
linkages with preexisting knowledge and thus did not exhibit
the same storage strength in the absence of a video modeling
example. Consistent with these results, participants who received
a video modeling example before guided inquiry reported a
higher germane cognitive load during inquiry than students who
were not provided with an example. However, the difference
was only marginally significant (H3). Nevertheless, since the
retention of students who were provided with a video modeling
example before guided inquiry did not decrease, a single video
modeling example appears to be sufficient to guide students’
attention to appropriate cognitive schemata, which fosters the
long-term learning of inquiry skills (Scheiter et al., 2004; Crippen
and Earl, 2007; Schworm and Renkl, 2007; Sweller et al., 2011;
Chen et al,, 2016). Unexpectedly and in contrast to the results
from the study by Kant and colleagues on video modeling
examples in virtual inquiry, one example did not appear to be
sufficient to significantly reduce the intrinsic and extraneous
load. A single example might be insufficient to significantly

reduce the cognitive load in physical, hands-on investigations.
However, the lack of significant differences might also have
been due to insufficient power for small effects (post-hoc power
analysis: a significance level of a = 0.05 and a small effect size of d
= 0.2 yielded a power of 0.2) and the fact that the test for cognitive
load exhibited only an acceptable level of reliability (a0 = 0.66) for
comparing groups (Lienert and Raatz, 1998). Consequently, the
results should be interpreted with caution.

Structured Inquiry

Students who watched a video modeling example before engaging
in a structured inquiry task reported the lowest level of
cognitive load. Consequently, participants who had received
a video modeling example perceived the inquiry tasks as less
cognitively demanding than students who did not watch an
example or students who were provided with less instructional
guidance during inquiry. However, the use of the borrowing and
reorganizing principle to reduce the cognitive load and thus free
more working memory capacity to focus on problem-solving
strategies and construct useful cognitive schemata for solving
the subsequent inquiry task (Sweller and Sweller, 2006) did not
improve learning outcomes in structured inquiry. The students
who completed a structured inquiry task achieved equal results,
regardless of whether they were provided with a video modeling
example. Additional guidance in the form of a video modeling
example appears to have no long-term effect on inquiry tasks
that are already strongly guided via direct instructions, as is
typically the case in structured inquiry (Chen et al.,, 2016). A
learner with a higher level of prior knowledge will perceive a
lower element interactivity and require less guidance to solve a
problem (Sweller, 1994; Chen et al.,, 2016). According to Chen
and colleagues, the worked example effect only arises when
element interactivity is high, resulting in a high intrinsic cognitive
load. If the intrinsic cognitive load is already low, control of the
extraneous cognitive load using worked examples is unnecessary
because the total cognitive load does not threaten to overload
the working memory capacity (element interactivity effect, Chen
et al, 2016). Nevertheless, we did not observe an expertise
reversal effect (Kalyuga et al., 2003). Based on these findings,
solving an inquiry task at a low level of inquiry after watching a
video modeling example is still challenging for students because,
first, the video modeling example and the inquiry task (reading
task) in structured inquiry were non-redundant. The strategies
and procedures illustrated in the example were required to be
applied to a completely new experiment. These conditions might
have simultaneously challenged and motivated the students.
Second, working memory is already taxed by physical, hands-on
investigations (physical lab experiences), which require students
to work with information with high element interactivity (Chen
etal., 2016) and use a complex hypothetico-deductive procedure.

Further Limitations

Moreover, the following limitations must be considered when
drawing conclusions from the experiment. First, the long-term
disadvantage observed for the subsample of students who were
not provided with a video modeling example might simply
result from their spending less time with the learning material.
Future research should compare groups of students who merely
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study an example of how to solve a practice problem vs.
actually solve a practice problem for the same amount of
time to control for this limitation. Second, the intermediate
assessment test and the test for cognitive load exhibited only
an acceptable level of reliability (¢ = 0.60 and a = 0.66) for
comparing groups (Lienert and Raatz, 1998). Consequently,
the results should be interpreted with caution. Moreover, the
subsample was too small for a detailed analysis. Due to the
resulting small power, we were unable to apply techniques
such as pathway analyses of the four individual conditions.
An investigation designed to assess which and to what extent
learner characteristics (cognitive load, NFC, KFT, grades, and
generation success) affect the short-term and long-term retention
of each treatment group would be interesting. Thus, replications
are required. Furthermore, randomization within each class was
confined to the second manipulation (inquiry level), while the
first manipulation was conducted between classes. We were
unable to intermix students within classes with respect to the
first manipulation for organizational reasons. Third, the students
participated in a physical inquiry-based lab experiment in all
four conditions. These settings provide an authentic picture
of scientific practice and support the application of authentic
scientific procedures. On the other hand, higher authenticity is
always sensitive to interferences and accompanied by a greater
cognitive burden. The application of newly acquired inquiry skills
and correct handling and manipulation of physical equipment
might be very challenging for students. Moreover, authentic
experimental settings include a large number of features that
can cause a higher extraneous cognitive load and distractions, as
students may focus on insignificant aspects. Hence, due to the
reliance on physical experiments, the extraneous cognitive load
was high in this study and might have obscured small differences
between the treatments. Future research should analyze how
to further reduce the extraneous cognitive load, particularly in
guided inquiry, since structured inquiry (with a video modeling
example) proved to be the least cognitively demanding condition.
Consistent with the theory of transfer appropriate processing, the
use of the same (digital) medium in both sessions—a learning
program with a video modeling example in the introductory
session and an accompanying digital scaffold for the hands-
on inquiry-based learning environment instead of a human
supervisor—might be beneficial.

IMPLICATIONS

In terms of the theoretical implications, this study broadens the
research base on video modeling examples and the generation
effect, as well as the unresolved didactic question of whether
direct instruction or discovery-based methods deliver better
learning outcomes and retention to a certain extent (Dean and
Kuhn, 2007; Furtak et al., 2012).

In contrast to our expectations and recent findings on the
generation effect (e.g., Chen et al., 2016), guided inquiry did not
prove to be more beneficial than structured inquiry. As long
as guided inquiry was preceded by a video modeling example,
both levels of inquiry were equally effective. Consistent with
recent studies on example-based learning (van Gog et al., 2011;
Leppink et al., 2014; Kant et al., 2017), students who watched

a video modeling example in the present study benefitted from
being provided with an indication of which elements should be
considered when solving an inquiry task. They achieved the same
performance results after a period of 1 week had elapsed, while
retention was significantly decreased when a video modeling
example was not provided in guided inquiry. Thus, a video
modeling example affected how much mental effort students
were able to invest in solving the inquiry task and promoted the
integration of generated information into the cognitive schemata
acquired from the example.

Generation in guided inquiry-based learning leads to better
long-term learning outcomes when the germane cognitive
load is increased through the use of a video modeling
example. However, ultimately, higher learning outcomes are
influenced either by providing a video modeling example or
by directly providing a higher level of instructional guidance
during inquiry.

CONCLUSIONS

Sufficient knowledge serves as a foundation for long-term
retention by providing anchors to assimilate new information
into preexisting cognitive schemata and facilitating retrieval.
Guided inquiry does not automatically promote deeper learning
and retention. Video modeling examples are required to provide
a sufficient foundation in terms of scientific reasoning skills and
increase working memory capacity. Ultimately, video modeling
examples are effective for long-term learning gains in guided
inquiry when teaching scientific reasoning skills in inquiry-based
learning. In structured inquiry, they but have no significant
benefit for long-term retention. But at least they can reduce the
cognitive load.
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