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In most primary science classes, students are taught science inquiry Received 30 June 2017
skills by way of learning by doing. Research shows that explicit Accepted 13 January 2018
instruction may be more effective. The aim of this study was to
investigate the effects of explicit instruction on the acquisition of S SIS

. . R - h : . cience inquiry skills;
inquiry skills. Participants included 705 Dutch fifth and sixth metacognition; skills
graders. Students in an explicit instruction condition received an acquisition; primary
eight-week intervention of explicit instruction on inquiry skills. In education; explicit instruction
the lessons of the implicit condition, all aspects of explicit

instruction were absent. Students in the baseline condition

followed their regular science curriculum. In a quasi-experimental

pre-test-post-test design, two paper-and-pencil tests and three

performance assessments were used to examine the acquisition

and transfer of inquiry skills. Additionally, questionnaires were

used to measure metacognitive skills. The results of a multilevel

analysis controlling for pre-tests, general cognitive ability, age,

gender and grade level indicated that explicit instruction

facilitates the acquisition of science inquiry skills. Specifically on

the performance assessment with an unfamiliar topic, students in

the explicit condition outperformed students of both the implicit

and baseline condition. Therefore, this study provides a strong

argument for including an explicit teaching method for

developing inquiry skills in primary science education.

KEYWORDS

Introduction

Scientific inquiry in primary classrooms generally involves designing, conducting and
interpreting results of scientific investigations (National Research Council [NRC],
2012). These investigations are intended to teach skills that are considered important in
science, such as formulating a research question and analysing data. One of the intended
outcomes is that students develop an understanding of why and how scientific investi-
gations are done (Crawford, 2014). Skills for scientific inquiry are usually - if at all -
taught by teaching methods primarily based on learning by doing (Duschl, 2008; Roth,
2014). In the Netherlands for instance, inquiry-based learning is advocated in primary
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education as the preferred method for acquiring content knowledge, science skills and
epistemic knowledge (Graft & Kemmers, 2007). In inquiry-based learning, students are
encouraged to discover scientific knowledge and inquiry skills by performing authentic
tasks (Kirschner, Sweller, & Clark, 2006). Proponents of inquiry-based learning argue
that students learn best by actively constructing knowledge. Also, performing authentic
inquiries is generally believed to be motivating for students (Gott & Duggan, 1995). As
a result, many educators and curriculum developers have strongly recommended
inquiry-based learning for science lessons (Kuhn, Black, Keselman, & Kaplan, 2000;
Osborne & Dillon, 2008).

There is a growing body of research showing that explicit instruction is necessary to
develop inquiry skills (Klahr & Nigam, 2004; Lazonder & Harmsen, 2016; Toth, Klahr, &
Chen, 2000). Several studies have investigated the effects of explicit instruction on skill
development in the laboratory setting, in particular, on the strategy of controlling variables
(CVS). Only a few studies have compared the effects of inquiry-based learning using explicit
instruction with an inquiry-based approach, absent of explicit instruction. The aim of this
study is to investigate the effects of explicit instruction in an inquiry-based learning setting
on the acquisition of inquiry skills for students in primary education.

Categorisation of skills

In order to understand how students learn and how to support learning, the current lit-
erature generally encourages the consideration of skill categories in scientific inquiry
(Schraw, Crippen & Hartley, 2006; Duschl, Schweingruber, & Shouse, 2007; Zohar &
Dori, 2003).

In this study, the notion ‘science-specific inquiry skills’ is used to denote a student’s
ability to design and execute scientific investigations. A distinguishing feature of these
inquiry skills is that they are directed to a correct application of rules, principles or con-
ventions about the set-up and execution of an investigation (Millar & Lubben, 1996). Plan-
ning and performing an investigation requires explicit knowledge about how to conduct
scientific experiments such as identifying and controlling variables, observing and measur-
ing, using simple measurement devices and recording, organising and analysing data (Gott
& Murphy, 1987; NRC, 2012).

While engaging in scientific inquiry, students apply more general thinking skills to
make sense of the data and connect observations to scientific theories (Osborne, 2015).
Thinking skills refer to mental activities such as problem-solving, decision-making, induc-
tive versus deductive reasoning and evaluating solutions (Sternberg, 1986). Thinking skills
are employed in scientific inquiry when making appropriate inferences from various
sources of data and by drawing adequate samples for making inferences (Pintrich, 2002).

Knowledge and application of metacognitive strategies may regulate students’ thinking
and learning, thus supporting science inquiry (for overview, see Zimmerman, 2007).
Metacognitive skills include planning, monitoring and evaluating task performance.
Research shows that students do not apply metacognitive strategies spontaneously.
Making students aware of such helpful strategies have shown to improve the performance
of inquiry activities (White & Frederiksen, 1998).

For science education, it is relevant to consider the reciprocity of skill development and
content knowledge. Content knowledge is most often referred to as a conceptual
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understanding of facts, concepts, theories and principles (Sternberg, 1986; OECD, 2017).
A number of studies have shown that content knowledge is to a certain extent a prerequi-
site for skill development (Kuhn, Schauble & Garcia-Mila, 1992; Eberbach & Crowley,
2009). In particular, when students generate hypotheses, make observations, evaluate evi-
dence and draw conclusions, prior content knowledge can have a major effect on skill
development (Millar & Driver, 1987; Duschl, Schweingruber & Shouse, 2007).

Explicit skill instruction

Although there is evidence pointing to the acquisition of skills through learning by doing
(Dean & Kuhn, 2007), a growing number of studies indicate that more effective learning
occurs when inquiry-based learning is accompanied by explicit skill instruction (Kirschner
et al., 2006; Duschl, Schweingruber, & Shouse, 2007; Lazonder & Harmsen, 2016). Due to
limited experience, most students in primary education lack sufficient mastery of strat-
egies and knowledge to effectively conduct a scientific inquiry. Without explicit skills
instruction, this leads to the ineffective performance of scientific inquiry (Klahr &
Nigam, 2004; Kirschner et al., 2006).

Engaging in a complex task of scientific inquiry without explicit skills instruction is par-
ticularly challenging for inexperienced students since their cognitive information proces-
sing capacity is still limited (Flavell, 1992). According to the Cognitive Load Theory
(CLT), working memory is limited in its capacity to process new information that contains
multiple elements. Elements have to be organised in more complex units and stored in
long-term memory before the information can be used effectively (Van Merriénboer &
Sweller, 2005). Once this is achieved, information stored in long-term memory is accessi-
ble when needed, aiding the acquisition of inquiry skills (Kirschner et al., 2006).

Much of what is known about the effects of explicit instruction comes from studies on
CVS (Lazonder & Egberink, 2014; Matlen & Klahr, 2013). For example, Chen and Klahr
(1999) found in an intervention study with third and fourth graders that explicit instruc-
tion combined with probing questions (i.e. why they designed the investigations the way
they did and what they had learned) was an effective way of learning how to apply CVS.
This is in line with CLT because explicit forms of instruction put less of a burden on
working memory when learning new information (Kirschner, et al., 2006). Dean and
Kuhn (2007) showed that in particular explicit instruction (in which students were
asked to compare and identify different features of catalogues) improved students’ CVS
more when combined with practice. The positive effects of explicit instruction may also
apply to the acquisition of metacognitive skills. Explicit attention to awareness of the
task and the metacognitive strategies may facilitate skill development (Pintrich, 2002;
Zohar & Dori, 2003; Tanner, 2012).

Explicit skills instruction seems to be particularly important for fostering the transfer of
learning. More robust learning of skills has only been achieved when students are able to
apply the skills in contexts other than the one in which the skills are learned. Although
there is not a clear-cut definition of what different transfer distances entail (Chen &
Klahr, 1999), near-transfer can generally be defined as the application of skills in tasks
within a particular knowledge domain or with a common structure. Far-transfer is
defined as the application of skills in tasks in different domains or tasks with an unfamiliar
structure (Strand-Cary & Klahr, 2008).
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While achieving transfer across knowledge domains (i.e. topics) is generally difficult
(Kuhn et al., 1995; Lazonder & Egberink, 2014), some CVS studies have shown that expli-
cit instruction can facilitate transfer of skills to other tasks with different topics (Kuhn
et al., 1995; Klahr & Li, 2005). Likewise, research indicates that young students tend to
fail in using the same strategies for performing tasks with different topics (cf. Chen &
Klahr, 1999). Making students explicitly aware of the strategies and skills that they are
applying to a particular task leads to enhanced mastery which in turn may facilitate trans-
fer (Adey & Shayer, 1993; Chen & Klahr, 1999; Georghiades, 2000).

Four-component instructional design

When designing science lessons aimed at the development of science skills, the four-com-
ponent instructional design (4C/ID) model can be applied. The model may be in particular
suitable because the model focuses on the integration and performance of skills, as
opposed to content knowledge (Van Merriénboer, Jelsma, & Paas, 1992). Furthermore,
the model recommends a combination of tasks in which skills are first practiced separately
and then applied in more complex tasks in an integrated manner (Van Merriénboer,
Clark, & de Croock, 2002). Most of the difficulty in learning complex skills such as
science skills is in applying them simultaneously. In existing design models, it is often
assumed that complex skills acquired in simple tasks will be applied spontaneously to
new and more complex tasks despite considerable evidence to the contrary (Van Merrién-
boer, et al., 2002, p. 40). According to the 4C/ID model, therefore, the following com-
ponents are essential for developing skills: (1) whole learning tasks, (2) part-task
practice, (3) supportive information and (4) just-in-time information.

Whole-tasks represent authentic and meaningful scientific inquiries. Students receive
explicit instruction and additional skills practice in part-tasks. The acquired skills can
then be directly applied to more complex whole-tasks. This enables students to see the inter-
relationships between part-tasks and the task as a whole, stimulating the integration of skills
(Van Merriénboer, et al., 2002). By segmenting the complex scientific inquiry activity into
manageable smaller and structured part-tasks in which students can learn and practice
skills, performance can be enhanced (Lazonder & Egberink, 2014; Lazonder & Kamp,
2012). Whole-tasks and part-tasks are preferably combined and sequenced from relatively
simple to more complex (Van Merriénboer & Sweller, 2005; Wu & Krajcik, 2006).

The structuring of the whole-tasks and part-tasks can be effectuated in science lessons
by using the different steps of the empirical cycle as a design principle: (1) formulating a
research question, (2) formulating hypotheses, (3) designing an experiment, (4) measuring
and recording data, (5) analysing and interpreting data and (6) evaluating the outcomes in
relation to the research question and hypotheses. Although it is generally acknowledged
that scientific inquiry is not a linear process (NRC, 2012), the subsequent activities of
the empirical cycle provide a structure that is recognisable for students. It also gives an
understanding of how the inquiry process may be organised, which is particularly impor-
tant for students in primary education who have little experience with scientific inquiry
(Donovan, Bransford & Pellegrino, 1999; White & Frederiksen, 1998).

Another aspect of the 4C/ID model is supportive information, which comprises the
information students do not possess needed for performing a particular scientific
inquiry. Finally, just-in-time information refers to essential clues, knowledge or feedback
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Figure 1. TASC framework.

students have access to the moment they need it during task performance. Just-in-time
information can consist of prompts which are gradually withdrawn as students gain pro-
ficiency (McNeill et al., 2006). Prompts can take the form of generic ‘probing questions’ or
hints to encourage reflection which helps students to set goals and monitor their under-
standing (Sahin & Kulm, 2008). Eventually, prompts can gradually be withdrawn until stu-
dents can apply the acquired skills independently (White & Frederiksen, 2000).

An example of implementing prompts for explicit instruction of metacognitive skills is
the application of the TASC framework. TASC stands for ‘Thinking Actively in a Social
Context’ and aims to give young students structure to support their thinking (Wallace,
Bernardelli, Molyneux, & Farrell, 2012). Students can be instructed on how to move sys-
tematically through the stages of the TASC framework while performing a task. In each
stage, several questions can be raised to stimulate students to monitor and evaluate
their performance (Figure 1). For instance, the students are asked to think about what
they already know about the topic of an experiment, how much information they
already have and what information they need (Wallace et al., 2012). These questions
are introduced and eventually withdrawn gradually until students are familiar with the
questions and apply the metacognitive skills in each following experiment by themselves
(White & Frederiksen, 2000).
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The present study

The present study adds to the current discussion by investigating the effects of explicit
instruction on the acquisition of inquiry skills in classroom settings in grades 5 and 6. Fur-
thermore, it examines to which extent the acquired skills are utilised in tasks with content
different from the tasks used in the science lessons. Contrary to most studies (Shavelson,
Baxter, & Pine, 1991), skills were not only evaluated by a paper-and-pencil test (PPT), but
also by more authentic performance assessments. Additionally, questionnaires were used
for evaluating improvement in metacognitive skills.

The following research questions concerning explicit skill instruction in grades 5 and 6
were addressed: (1) What are the effects on students’ skills in scientific inquiry? and (2)
What are the effects on transfer of students’ skills across science tasks with unfamiliar content?

In line with current knowledge on enhancing skill development, it was hypothesised
that receiving explicit skill instruction would positively affect students’ science skills
and that the merits of explicit instruction would also extend to transfer of students’ skills.

Method
Participants

This study was conducted at 12 schools for primary education in the Netherlands. It
involved schools that were part of the school network with which the teacher training edu-
cation of the Amsterdam University of Applied Sciences cooperates. As a result, the
schools were located in the urbanised part of the Netherlands. Schools were willing to par-
ticipate on the basis of several pragmatic factors including permission of school auth-
orities, interest of teachers, willingness to ‘do something with science’ and available time.

To ensure that the reading and writing abilities of students would not be a limiting
factor in relation to the acquisition of science skills, only students in upper grades were
included. In total, 705 students participated in the study (51.3% boys and 48.7% girls)
with a mean age of 11.5 (SD =.69) from 31 grades 5 and 6 classes (53.3% in grade 5
and 46.7% in grade 6).

Research design

The research constituted a quasi-experimental study with pre-test-post-test design,
implemented in grades 5 and 6 of primary schools, designed to investigate the effects of
explicit instruction on students’ acquisition of inquiry skills (explicit condition). A
control condition was included with lessons in which skills were taught in an inquiry-
based approach without explicit instruction on inquiry skills so that information about
the added value of explicit instruction could be obtained. To contrast both controlled con-
ditions with regular science lessons at schools, a baseline condition was added. Randomis-
ation was carried out within schools at class level.

A total of 705 students participated in the pre-test sessions. Pre-testing included three
different measures: a paper-and-pencil test (PPT), a performance assessment (PA) and a
metacognitive self-report test (Junior Metacognitive Awareness Inventory [Jr. MAI]).
After an 8- to 10-week period students of all three conditions were tested again with a
PPT, two PAs (PA-related-content with a topic discussed in lessons of both interventions
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and PA-transfer with an unfamiliar topic designed to measure transfer of skills), Jr. MAI
and an extra metacognitive self-report test (SMT). Additional measures for the explicit
and implicit conditions included an implementation checklist on class level and a ques-
tionnaire for evaluating how enjoyable the lessons were perceived by the students.

PAs were administered in small groups of students outside of the regular classroom,
which required additional time and effort for the schools and students. Therefore, to
reduce the burden, a subsample (n = 467) was randomly selected to partake in the post-
test PAs. The subsample was created by random selection of students in each class. To
enable comparison between tests, only students who had completed all tests were included
for final analysis. Of the subsample, 62 students were excluded due to having been absent
from one of the test sessions. Finally, one class which consisted of only two students was
dropped from the analysis to prevent estimation bias in multilevel analysis (Maas & Hox,
2005). The final sample consisted of 403 students (Figure 2).

Intervention

The lessons for the intervention were developed by the first author and a primary school
teacher. The aim was to enhance development of skills associated with scientific inquiry.
Each intervention consisted of eight lessons of 90 minutes each. In general, one lesson was
given per week. During this time, students in the baseline group followed their regular cur-
riculum and did not receive any formal instruction on scientific inquiry.

Explicit condition
The lessons for the explicit condition were designed based on the 4C/ID model of Van
Merriénboer, et al. (1992). The whole-tasks and part-tasks were structured according to

N=1705
Recruitment and Exp!i?it Implicit Baseline
allocation to conditions condition condition condition
n=257 n=235 n=213

Pre-test PPT, PA, Jr. MAI
Intervention Explicit instruction Implicit instruction -
Intervention-related Lesson enjoyment questionnaire
measures Implementation

| N=467 |

‘ PPT, PA-related-content, PA-transfer, Jr. MAI, SMT I
Post-test

| Not included in final analysis: n = 64 ’

| n=144 i n=138 Il n=121 |

Figure 2. Overview of the study design.
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the different steps of the empirical cycle. The topic was heat and temperature. The content
knowledge was minimised in the sense that it was addressed at such a low level such that it
could be assumed that it would pose no obstacle in skill application. For instance, students
at grade levels 5 and 6 are aware of the fact that hot water cools down and that temperature
can be measured by using a thermometer.

Explicit instruction concerned clarifying the rationale of inquiry skills by the
teacher followed by examples and classroom discussions about how to apply the
skills. In part-tasks, the newly learned skills were then practiced with the support
of written prompts. For example, in learning how to formulate a research question,
the teacher gave explicit instruction about the criteria for formulating research ques-
tions with the help of a flow chart (Figure 3). In subsequent part-tasks where students
were asked, for instance, to distinguish between properly and poorly formulated
research questions, students were reminded of the flow chart. Next, students per-
formed a whole-task: an authentic, structured inquiry in which students had to
apply all skills in an integrated manner. In these whole-tasks, prompts were explicitly
incorporated as well. Development of metacognitive skills was supported by the use of
probing questions from the TASC framework prior to and during each whole-task
(Wallace et al., 2012).

During the course of the intervention, the whole-task inquiries gradually increased in
difficulty and complexity while at the same time, the prompts were withdrawn. In the final
lesson, students performed a scientific inquiry independently.

The Question Machine ~

Do we have a suitable research question?

Science Education Hub Radboud University | www.wru.nl > english | www.wetenschapdeklasin.nl
In Is the answer @ Are we able
Ve easy Yes {Sf;::} to answer No _@
» ? to look up? this question?
Yes /

Does the X NYes
question {:ﬁ Mo Is the question \ -

fit the theme? specific B

enough? 8 ~
No {:Eg\ b
- N
é Yes/ é /
Can we learn g
something? j Isitasingle *
question?
No t
@ — ou

Download this document from: www.wkru.nl > english @

Figure 3. Flow chart with criteria for formulating a research question (Science Education Hub Radboud
University, 2016).
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Implicit condition
The lessons of the implicit condition were structured based on the 4C/ID model as
well. Students in the implicit condition also performed inquiry tasks that were struc-
tured according to the different steps of the empirical cycle. All aspects of explicit
instruction were absent which entailed that the teacher refrained from explaining
the rationale behind the skills and that in part-tasks and whole-tasks, skills were
practiced without explicit probing questions or prompts. Rather than giving explicit
attention to separate skills first and then part-task practice on skill level, all
skills were applied and practiced simultaneously. To control for time on task, the
implicit intervention contained part-tasks about content and additional topics were
included (see Appendix 1 for both explicit and implicit example tasks). Two
lessons concerned growth and development of plants, two lessons on heart and
lungs followed by the main topic of heat and temperature (four lessons). Ultimately,
the implicit intervention comprised similar numbers of scientific investigations and
assignments (Table 1).

Both interventions were piloted in several grades 5 and 6 classrooms which did not par-
ticipate in the main study. Adjustments were made where necessary, which in general con-
cerned length of assignments or difficulty level of scientific inquiry tasks.

Baseline condition

In Dutch primary schools, science lessons are primarily textbook-based. Developing
inquiry skills has low priority in science primary education, indicated by the lack of
implementation of instruments to measure progress of skills (Inspectorate of Education,
2015). Inquiry tasks are included at most once a month or less and only by 50% of the
teachers (Kneepkens, Van Der Schoot & Hemker, 2011). Students in the baseline con-
dition did not receive formal and structured instruction on inquiry skills during the inter-
vention period.

Applying the hypothesis to the experimental design, it was predicted that students in
the explicit condition would improve their ability to perform a scientific inquiry more
than students in the baseline condition. Furthermore, it was expected that students in
the explicit condition would also outperform students in the implicit condition since
the benefits of explicit instruction, including prompts, task-structuring and direct

Table 1. Similarities and differences between the explicit and implicit condition.

Aspect Explicit condition Implicit condition
Similarities  Duration Eight lessons of 90 minutes Eight lessons of 90 minutes
Whole-task Authentic investigations Authentic investigations
Differences  Structure of Investigations explicitly structured for the Investigations implicitly structured for the

investigations
Part-task
Just-in-time

information

Metacognition

Instruction
Content of lessons

students according to steps of empirical
cycle
Part-tasks for skill training

Prompts

Explicit attention to planning, monitoring
and evaluation

Direct instruction on skills

Heat and temperature

students according to steps of empirical
cycle

Part-tasks for acquisition of content
knowledge

No prompts

No attention to planning, monitoring and
evaluation

No direct instruction on skills

Heat and temperature, growth and
development of plants, heart and lungs
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instruction have been well-established (Lazonder & Egberink, 2014; Van Merriénboer &
Sweller, 2005; Zohar & Dori, 2003). Furthermore, it was predicted that the explicit instruc-
tion combined with part-task practice aimed at skill acquisition would be specifically ben-
eficial for skill performance in the transfer task (Chen & Klahr, 1999). However, since
practicing and applying skills in whole scientific inquiry tasks alone can also enhance
skill development to some extent (Dean & Kuhn, 2007), it was expected that students
in the implicit conditions would also improve science skills more in comparison to stu-
dents in the baseline group.

Procedure

The lessons of both interventions were taught by research assistants who had been
recruited and trained specifically for this purpose. All assistants had either graduated or
were in the final year of an elementary teacher education programme. The students’
regular teacher was asked to assist in each lesson. The presence of a familiar teacher
would help maintain a good working atmosphere while teaching. All lessons were
taught in the students’ regular classroom and with their regular classmates.

The research assistants were trained in a 4-hour training session to teach either one of
the interventions. Training included instruction, discussion and practice of parts of
lessons. In addition, assistants were trained in how and when to provide feedback
during tasks. The assistants were provided with a practical guide containing a description
of the rationale behind the intervention, detailed lesson plans and information on the skills
and content to be covered in the lessons. In addition, to ensure that all assistants would
stay on the same track (and no parts would be skipped), PowerPoint presentations were
developed for each lesson. In that way, it was assured that all assistants would implement
the lessons in a similar way.

To check the faithfulness of the implementation, the regular teacher was asked to
monitor the degree of implementation of the activities of each lesson. In addition, the
research assistants were monitored by two of the authors by observing a randomly
chosen lesson. Throughout the intervention, research assistants and the main
author kept in close contact by discussing lessons regularly. Furthermore, each
research assistant was asked to film lesson 7 of which random parts were watched
by the author for a fidelity check. Additionally, information on student level was
collected documenting lesson attendance and to what degree the students
found the lessons enjoyable, because both may influence students’ participation
and scores.

Teachers in the baseline group did not receive any of the materials used in the interven-
tions. However, to be assured of cooperation, they could choose to complete one of the two
interventions with materials and trained assistants after the experiment.

Measurement instruments

Paper-and-pencil test

Students’ inquiry skills were measured by means of a PPT. The test comprised a total of 46
items (36 multiple choice and 10 open-ended), which were selected from large-scale
assessments commonly used in the Netherlands (Cito.com) and other sources (e.g.


http://www.Cito.com

INTERNATIONAL JOURNAL OF SCIENCE EDUCATION 431

SOLpass.org). Content varied from item to item and was considered to be familiar for
grades 5/6 students. The 10 open-ended questions were scored by trained raters.

For pre-test—post-test purposes, the items were divided over two test booklets to give
two optimal split half tests. A total score for each test was calculated with a maximum
possible score of 30 points. The Cronbach’s alpha coefficients of the pre-test and post-
test were .63 and .70 respectively (N = 403).

Performance assessments

Students were additionally assessed by three PAs. All three PAs concerned comparative
investigations: students are asked to examine the relationship between two variables (Sha-
velson, Solano-Flores, & Ruiz-Primo, 1998). Each PA was constructed according to the
same template, following the different activities of the empirical cycle and allowing for
comparison of students’ scores between PAs. PAs differed only in topic of investigation.
In the PA-pre-test Skateboard, students roll a marble down a ruler to examine the relation
between the distance of the marble on the ruler and the distance the marble covers at the
end of the ruler while pushing forward a paper wedge (Ahlbrand, Green, Grogg, Gould, &
Winnett, 1993). The PAs Hot chocolate and Bungee jump, based on tasks in TIMSS
(Martin et al., 1997), were deployed for post-testing. Hot chocolate (PA-related-content)
concerns the relationship between an amount of hot water and its rate of cooling,
which corresponds to the topic of heat and temperature addressed in both intervention
groups. In Bungee jump (PA-transfer), students investigate the changing length of a
rubber band as additional weights are added, a topic unfamiliar to both groups. This
last test served to assess the transfer of skills to a new task.

Each PA contained 14 quantifiable items with a maximum score of 34 points (see
Appendix2 for PA-pre-test Skateboard). Scoring of items was based on students’
answers written down in worksheets. The Cronbach’s alpha coefficients of PA-pre-test,
PA-related-content and PA-transfer were .67, .70 and .67 respectively (N =403).

Metacognitive self-report tests

Metacognitive skills were measured by means of two different self-report tests. For pre-
and post-testing purposes, the Jr. MAI, a self-report inventory for grades 3-5 developed
by Sperling, Howard, Miller and Murphy (2002) was administered. Jr. MAI consisted of
12 items with a three-choice response (never, sometimes or always). The mean score
was calculated to obtain a measure of general metacognitive ability. The pre-test and
post-test Cronbach’s alpha coefficients were .54 and .64, respectively.

The second metacognitive self-report test — Science Meta Test (SMT) - measures meta-
cognitive self-regulatory skills including orientation/planning, monitoring and evaluation
(Schraw & Moshman, 1995). In contrast to the more general Jr. MAI, items were con-
structed to obtain information about the extent to which metacognitive skills are
applied specifically in the PAs in post-testing. A mean score was calculated of the total
of 13 items with a three-point scale (not, a little, a lot). Cronbach’s alpha coefficient
was .77 (N =403).

General cognitive ability
To be able to control for general cognitive ability, students’ scores were obtained for Reading
comprehension and Arithmetic/mathematics from a semi-annual assessment of The
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National Institute for Educational Testing and Assessment. For Reading comprehension
and Arithmetic/mathematics, reliability scores indicated by MAcc (Accuracy of Measure-
ment) are >.87 and >.95, respectively, for grades 5 and 6 (Janssen, Verhelst, Engelen, &
Scheltens, 2010; Weekers, Groenen, Kleintjes, & Feenstra, 2011). Ability is expressed by
different levels which indicate the actual performance level of a student compared to a
norm group (A = upper 25% of all children, B =25% above mean, C = 25% below mean,
D =next 15% below C, E=lowest 10%). The scores, provided by the participating
schools, were transformed into a five-point scale (A =5 to E =1). A student’s general cog-
nitive ability score was constructed by means of summing up the scores of both tests.

Intervention-related measures

Integrity of implementation

Degree of implementation was measured by the percentage of instruction and activities of
each lesson actually carried out. A class level variable representing the degree of implemen-
tation was calculated by averaging the percentages of the number of lessons of each class.

Lesson enjoyment

Students were asked to fill out a short questionnaire of seven items with a five-point Likert
scale at the end of the final lesson of the intervention. The original questionnaire was
developed for measuring enjoyment of math lessons by Martinot et al. (1988). The
items were adapted for primary science lessons and an extra item was added. A final
score was calculated by summing the scores (maximum of 28) of each item (« =.84).

Administration procedure

The PPT-pre-test, PA-pre-test and Jr. MAI-pre-test were administered in this specific
order just before the start of the intervention. Post-testing comprised the PPT-post-test,
PA-related-content, PA-transfer and the two metacognitive self-report tests. To control
for sequencing effects, administration of PA-related-content and PA-transfer was ran-
domly alternated. Post-Jr. MAI and SMT were administered directly after PA-transfer,
taking just a few minutes to complete.

All tests were administered by trained test leaders who followed detailed protocols for
test administration. The PAs were administered individually in groups of four to eight stu-
dents. The PPT and PA each took 45 minutes to complete.

Scoring

Trained raters scored the open-ended questions for the PPTs and PAs. Interrater
reliability was calculated by determining intra-class correlation after a training session
on a random sample of 11% of the tests. Additionally, another average of 19% of the
scores per rating session was scored by two raters so that additional interrater reliability
could be estimated during the process of individual rating. First round ICC ranged
from .80 to .94 (ICC, two-way random, absolute agreement), and second round from
.66 to .93. Finally, for each rater, stability of scoring was estimated which ranged from
.81 to 1.00.
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Analysis

An a priori power analysis indicated that a sample of 68 students would be sufficient to test
a main intervention effect of medium size with a statistical power of = .80 at the conven-
tional alpha level of .05 with multiple regression analysis. The sample of more than 400
students allows a test of small-to-medium effect sizes, also taking into account intracorre-
lations (ICC values between .10 and .30).

The dataset included one independent variable (condition: explicit instruction, implicit
instruction, baseline) and five dependent variables (Post-PPT, PA-related-content, PA-
transfer, Post-Jr. MAI and SMT). Because of the nested structure of the data, multilevel
models were used to investigate the effects of the conditions on the five dependent vari-
ables. MLwiN for multilevel analysis (Rasbash, Steele, Browne, Goldstein, 2009) was
used to fit five different models (one for each dependent variable) with two levels (students
within classrooms). Adding a third level for school did not significantly improve the fit of
the models.

The student variables (age, gender and general cognitive ability), grade level and pre-
test scores were included as control variables since they might influence students’
scores. Variables were examined for accuracy of data entry, distributions and missing
values. All underlying assumptions (i.e. normality) were met.

As explained above, 64 students were not present at one or more test sessions. These
students were excluded from further analysis (Figure 2). There were no missing values
on individual items in the PPTs and PAs. There was a maximum of 6.7% missing
values on items of all three metacognitive self-report tests. Little’s MCAR test including
all variables was not significant, indicating that no identifiable pattern existed in the
missing data (y* (5552) = 5470.73, p =.78). Of the students who were present for all test
sessions, the expectation-maximization imputation method was performed for the
missing items of each metacognitive self-report test separately.

Ultimately, the Jr. MAI test was not included in the analysis because of insufficient
reliability of the pre-test (o =.54) and a serious lack of variance at the post-test.

For the benefit of interpretation of the intercept, all continuous control variables were
centred around the grand mean.

Results
Descriptive statistics

Table 2 presents the effects of randomisation on the composition of the three conditions.
Conditions were comparable with regards to gender ()(2 (2) =2,3, n=403, p=.319), but
not to grade level, with more students in grade 6 in the implicit condition compared to

Table 2. Comparison of conditions in terms of the control variables.

Gender % Grade % General ability Age PPT-pre-test PA-pre-test
Condition N Boy Girl 5 6 Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Explicit 144 46.5 535 54.9 45.1 7.15 (2.35) 11.44 (.65) 15.04 (4.21) 9.69 (4.29)
Implicit 138 543 457 420 58.0 6.80 (2.46) 11.61 (.72) 15.52 (4.51) 11.24 (5.07)
Baseline 121 46.3 537 58.7 13 6.92 (2.24) 11.34 (.62) 15.88 (4.51) 10.14 (5.64)

Note: Maximum possible score of PPT-pre-test is 30; and of PA-pre-test is 34 points.
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the other conditions ()(2 (2) =8,10, n =403, p =.017). Analyses of variance indicated that
students between conditions did not differ significantly on general cognitive ability (F (,,
400y = 0.77, p = 465). There was a significant difference in age (Fy, 400y = 5.13, p =.006),
with students in the baseline condition being somewhat younger than students in the
implicit condition (mean difference = —0.26, CI = —0.46 to —0.07). Of the pre-tests, con-
ditions did not differ in scores for the PPT-pre-test (F (3, 400y = 1.20, p =.302). However,
analysis showed significant differences between scores on the PA-pre-test (F (5, 400) =
3.54, p =.030) with a lower score for the explicit condition.

Descriptive statistics of intervention-related measures

Of the total of 168 lessons in the explicit and implicit condition taught in 21 different class-
rooms, an implementation score was missing from four lessons. For the classes with
missing scores, an average score was calculated on the basis of the lessons scored. Multi-
level regression analysis showed that the degree of implementation for the implicit con-
dition (n=144) was not significantly different to that of the explicit condition (n=
138), (B=2.38, SE=0.176, p = .174).

An independent-samples t-test showed no significant difference in enjoyment (#(237)
=1.56, p =.121, equal variances not assumed) between students of the implicit condition
(M =18.11, SD = 5.40) and those of the explicit condition (M =16.88, SD =7.20),

Finally, an independent-samples t-test indicated that students’ number of attended
lessons did not differ significantly between the explicit condition (M =7.60, SD =.73)
and the implicit condition (M =7.70, SD = .64), #(280) =-1.12, p = .264.

Descriptive statistics of post-tests and correlations

Table 3 presents the means and standard deviations for all post-tests. Because scales of the
scores are different for each test, the means are not comparable one-on-one.

Table 4 shows the correlations (Pearson’s r) between tests. No significant correlations
were found between the SMT and other tests, other than PA-transfer. Results show that
general cognitive ability is considerably correlated with pre-tests as well as the PPT-
post-test, whereas correlations with post-PAs are smaller.

Effects of interventions on skills in scientific inquiry

Table 5 presents the results of the multilevel analysis on the effects of condition on skills in
scientific inquiry, controlling for pre-tests, general cognitive ability, age, gender and grade

Table 3. Means and SD for post-tests.

Explicit (n = 144) Implicit (n=138) Baseline (n=121)

Max score M SD M SD M SD

PPT 30 16.56 4.59 16.52 4.94 15.40 5.02
PA-transfer 34 13.72 4.69 12.53 5.59 11.30 5.07
PA-related-content 34 13.67 474 13.49 5.50 10.39 4.88
SMT 3 2.12 A1 2.11 35 2.16 31

Note: Max score = maximum score possible of test; Mean and SD of SMT are indicated by average item scores.
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Table 4. Correlations between all tests (N = 403).

1 2 3 4 5 6
1 PPT-pre-test
2 PPT-post-test .60*
3 PA-pre-test 54* 52%
4 PA-transfer 39% AT* 52%
5 PA-related-content 36* A5% A43* 63*
6 SMT .02 -.03 .04 .15% .01
7 General cognitive ability .58% 57* A9* .35% 34*% —.04

Note: *, correlations are significant at p <.01 (two-tailed).

level. Results show that the effects of age and grade level were not significant. The two pre-
tests and general cognitive ability positively contributed to the scores of all three post-tests.
There was also an effect of gender: girls scored significantly higher on the tests than did
boys. Adding the condition variable did not significantly increase model fit for the PPT
(A IGLS=3.64, df =2, p=.162). Effect sizes in terms of Cohen’s d (Cohen, 1992) were
small for both the explicit condition (d=0.27) and implicit condition (d = 0.20). These
results indicate that there was no significant effect due to the interventions on the
ability of students to apply skills in the PPT. In contrast, condition did have a positive sig-
nificant effect on scores of the dependent variable PA-related-content (A IGLS = 15.84, df
=2, p=<.001). Students of both intervention conditions did significantly better than stu-
dents in the baseline condition with medium effect sizes d = 0.66 for the explicit condition
and d = 0.58 for the implicit condition. The interventions also contributed to a significant
better model fit for PA-transfer (A IGLS = 8.09, df =2, p = .018). However, in contrast to
PA-related-content, only the estimate for the explicit condition was significantly higher
than the baseline condition (B=2.48, SE=0.82, p=.003) with medium effect size d =
0.48. The effect size for the implicit condition was small (d = 0.18). In other words, only
explicit instruction had a positive effect on the ability to perform an investigation with
a new and unfamiliar topic.

Table 5. Results of the multilevel analyses for each dependent variable (N = 403).
PA-content-related

PPT-post-test post-test PA-transfer post-test SMT
Coeff.  SE p Coeff.  SE p Coeff.  SE p Coeff.  SE p

Intercept 1483 061 <.001 890 073 <.001 9.87 073 <.001 218 0.06 <.001
PPT-pre-test 033 005 <.001 0.14 0.07 028 0.3 0.6 042

PA-pre-test 0.19 0.05 <.001 021 0.06 <.001 035 0.05 <.001

General ability 0.61 0.10 <.001 045 012 <.001 035 0.12 .003 0.00 0.01 n.s.
Age -0.08 039 ns. -0.08 048 ns. 055 045 ns. 002 004 ns.
Gender® 079 035 021 265 042 <.001 273 039 <001 -002 004 ns.
Grade® 035 061 ns. 0.15 0.74 ns. 0.07 0.71 ns. —0.03 0.06 ns.

Condition

Explicit condition® 131 068 .055 348 081  <.001 248 0.82 .003 -0.04 0.07 ns.
Implicit condition® 098 070  n.s. 305 083 <.001 091 084 ns. —-005 007 ns.
Explained variance %

Group level 61.07 65.86 60.50 0.00
Student level 45.39 26.94 34.22 0.00
ICC 0.12 0.11 0.14 0.09

Note: n.s., not significant.

“Reference category: boys.

PReference category: grade 5.
“Reference category: baseline condition.
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To further explore the difference between the two intervention conditions, multilevel
analysis was performed on a subsample of students (N =282) who had received either
explicit or implicit instruction. In addition to the pre-tests, general cognitive ability,
age, gender and grade, the treatment fidelity variable ‘implementation’ was added as
class-level control variable. Only on the performance assessment PA-transfer, the model
fit improved significantly by adding the condition (A IGLS = 4.98, df = 1, p = .026). Specifi-
cally, the students who received explicit instruction performed significantly better (B =
2.00, SE=0.86, p =.016) than students in the implicit condition. The magnitude of the
effect could be considered moderate with d = 0.40.

For the metacognitive skills evaluated by the students with the SMT, no additional var-
iance was explained by condition, indicating that condition had no effect on scores.

Discussion

Results of this study confirm that both experimental interventions facilitate the acquisition
of skills for performing scientific inquiry. The scores on the PAs show that students in
both intervention conditions have significantly higher scores than students in the baseline
condition. In particular, when skills are measured by means of a PA with a topic familiar to
the content of the lessons, substantial effects are found. This finding is consistent with
former research on the influence of content knowledge on developing skills (Duschl,
Scheingruber & Shouse, 2007).

Furthermore, comparison of the two experimental conditions reveals that students of
the implicit condition were almost just as able to perform the scientific inquiry on a fam-
iliar topic as students who received explicit instruction. Although most studies (on CVS)
show more effective learning by explicit instruction, this finding suggests that in a carefully
structured setting the opportunity to practice skills alone can already improve skill appli-
cation which concurs with former findings (Dean & Kuhn, 2007).

On a PA with an unfamiliar topic, scores are particularly interesting. Indicated by a
medium effect size, students in the explicit condition clearly outperform students in the
implicit condition. In both conditions, students had been practicing the same number
and variety of inquiries but only students subjected to explicit instruction were able to
apply inquiry skills in a PA with unfamiliar topic. This indicates that explicit instruction
facilitates the transfer of skills, which seems concordant with findings in CVS studies (i.e.
Chen & Klahr, 1999; Klahr & Li, 2005). In the present study, systematic and explicit atten-
tion (i.e. by prompts) to skills in new tasks may have promoted more robust acquisition of
these skills. Increased awareness of strategies applied in the tasks by means of probing
questions may have further strengthened skills acquisition. The decontextualisation of
skills has possibly contributed to students’ ability to apply the skills they acquired by prac-
ticing tasks with different science content, albeit in the same domain (near-transfer). This
implies that students were not only able to use these skills, but actually understood how to
apply them, which has been shown to be difficult to accomplish in a classroom setting (cf.
Klahr & Li, 2005).

The improvement of skills measured by the PPT was much smaller - though almost
significant - for students in the explicit condition and as such did not match the outcomes
of performance measured by the PAs. This discrepancy may be due to the different test
format. Skills measured by the PPT were elicited in a more passive manner in contrast
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to applying skills actively in a PA which is considered a more authentic way of assessing
skills (Shavelson et al., 1998), thus measuring actual skill proficiency. For instance, formu-
lating a research question for a ‘real” inquiry is not the same as identifying a research ques-
tion among different multiple-choice options. Accordingly, a PPT may not be the most
appropriate way to assess skill performance. The structure of the items in the PPT was
less similar to the tasks in the intervention lessons and as a result students could
depend less on skills learned in the lessons. Instead, students had to rely more on
general abilities in the PPT than in the PAs, which is supported by the small/medium cor-
relation found between post-test PAs and general cognitive ability (r = .35 and .34) and the
medium/large correlation between the PPT and general cognitive ability (r =.57).

Results show no significant difference in scores between students in grades 5 and 6,
even when age was removed from the model. Upon first glance, this is a surprising
outcome as students are likely to have improved their skills just by growing older and
acquiring more general skills by the time they are in grade 6 (Duschl, Schweingruber &
Shouse, 2007). This may indicate that students participating in this study had very little
prior experience with scientific inquiry, thus were novices regardless of what grade they
were in. The implication may be that both the design of the instructions as well as the
implemented assessment formats are suitable for students of both grade levels, provided
that all students share the same (lack of) experience with scientific inquiry.

Despite the improvement of skill proficiency, the SMT failed to elicit development of
metacognitive skills. However, it is very unlikely that students - as the high scores above
the scale mean suggest — already possess the ability to apply metacognitive skills to scientific
inquiry and therefore could not improve their metacognitive skills at all, regardless of any
instruction. A more plausible explanation could be that students overestimate their meta-
cognitive skills. This is in line with Veenman, Van Hout-Wolters and Afflerbach (2006)
who stated that scores on questionnaires ‘hardly correspond to actual behavioural measures
during task performance’. It is, therefore, conceivable that many students in grades 5 and 6
do not yet have a mastery of these skills even though they think they do. Nevertheless, it may
be that the metacognitive skills did improve and - although not directly measured by the
SMT - are indirectly reflected in higher scores on the PAs (Georghiades, 2000).

Limitations and suggestions for future research

An important limitation of this study is that teaching assistants were using the lesson
materials for the first time. In a repeat teaching, assistants may be more efficient and effec-
tive which could result in greater gains compared to the baseline condition.

A second limitation in the design of this study is that only two post-PAs were included.
Assessing skill proficiency with more PAs would be preferable in order to reduce occasion
sampling variability, i.e. students performing the same task differently on different
occasions (Ruiz-Primo, Baxter and Shavelson, 1993). However, the PAs in this study
were made quite elaborate in a bid to resemble authentic research. Deploying more of
such extensive assessments in real classroom settings would be laborious for students
and require too much testing time.

Furthermore, in this study, the PAs are highly structured and not, as such, representa-
tive of scientific inquiry, which is not generally a linear process. However, for students who
are novices, open investigations may be too challenging. In further research, students
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could be assessed as their proficiency increases, using more open and interesting investi-
gations. Along the same lines, although the PPT was easy to administer and less difficult to
score, it may not have been the best choice for measuring progress of skills of the novice
learners in this study. The PAs provided a more elaborate and detailed picture of the
acquired skills and may have been as such more sensitive to change.

Finally, the post-tests were administered directly following the intervention. This implies
that only the short-term effects on inquiry skills of the explicit and implicit teaching method
were measured. A retention test was not included in the design because the grade 6 students
were no longer available for another round of post-testing. Future research might examine
retention and/or transfer by using tasks with a different or more open structure.

Implications for educational practice

The current study has several practical and scientific implications. For students in primary
school who have little experience with scientific inquiry, systematic, explicit instruction
should be considered and incorporated as a starting course for developing skills. As stu-
dents gain more proficiency in both skills and content knowledge, more open and inter-
esting inquiry activities may be implemented. Ultimately, the skills can also be deployed
for inquiry-based learning of content in addition to learning inquiry skills.

Furthermore, the 4C/ID system of Van Merriénboer, et al. (1992) has proved to be
useful in designing structured lessons for teaching inquiry skills. The task-centred
approach provided ample opportunity to systematically incorporate important design
principles such as explicit instruction and additional skills practice. The whole-tasks
were not only pleasurable and motivating for students, but also provided the possibility
to apply the inquiry skills in an integrated manner, supporting development of the skills.

To conclude, the present findings have provided additional information to the discus-
sion of effective ways to teach inquiry skills to young students. In this study, the method of
explicit instruction was not only compared with a baseline condition, but also with the
implicit method of teaching skills. Therefore, this study provides a strong argument for
implementing an explicit teaching method to promote and develop inquiry skills in
primary science education.
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