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Abstract: Developing scientific reasoning (SR) is a central goal of science-teacher education world-
wide. On a fine-grained level, SR competency can be subdivided into at least six skills: formulating
research questions, generating hypotheses, planning experiments, observing and measuring, preparing data for
analysis, and drawing conclusions. In a study focusing on preservice chemistry teachers, an organic
chemistry lab course was redesigned using problem-solving experiments and SR video lessons to
foster SR skills. To evaluate the intervention, a self-assessment questionnaire was developed, and a
performance-based instrument involving an experimental problem-solving task was adapted to the
target group of undergraduates. The treatment was evaluated in a pre-post design with control group
(cook-book experiments, no SR video lessons) and alternative treatment group (problem-solving
experiments, unrelated video lessons). Interrater reliability was excellent (p from 0.915 to 1.000; ICC
(A1)). Data analysis shows that the adapted instrument is suitable for university students. First
insights from the pilot study indicate that the cook-book lab (control group) only fosters students’
skill in observing and measuring, while both treatment groups show an increase in generating hypotheses
and planning experiments. No pretest-posttest differences were found in self-assessed SR skills in the
treatment groups. Instruments and data are presented and discussed.

Keywords: scientific reasoning; scientific inquiry; science education; chemistry; teacher education;
assessment

1. Introduction

The study of scientific thinking dates back nearly a century and has been the interest
of psychologists and science educators alike [1,2]. The origins lie at Piaget’s [3] theory
of stages of cognitive development, formulating that adolescents are able to evaluate
evidence and build hypothetical terms. One main focus of research covers the development
of domain-general strategies of reasoning and problem-solving [2]. Terminology varies
respectively by discipline as well as focus on research or teaching, yielding terms such as
scientific reasoning, critical thinking (with regard to a science context), scientific discovery,
scientific inquiry, or inquiry learning [2,4]. For the purpose of this article, scientific inquiry
is used to describe teaching methods and activities aimed at the process of gaining scientific
knowledge [5,6], whereas scientific reasoning (SR) refers to the cognitive skills required
during a scientific inquiry activity [1,6,7]. Due to its cognitive nature, SR is viewed to be a
competency consisting of a complex set of skills [8,9].

SR is needed for acquiring scientific knowledge [10], making it an essential competency
in science and one of the most important key competencies in societies, increasing their
technical progress. Therefore, developing SR is a central goal of school science as well
as science-teacher preparation worldwide [11-19]. In the context of teaching, SR can be
fostered by inquiry teaching activities [20]. Teachers, however, perceive the integration
of inquiry into their lessons to be a difficult task [21,22], particularly if they have never
conducted inquiry experiments before [5]. SR and methods of inquiry teaching should
therefore already be introduced in preservice science-teacher education [5,15,23].
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1.1. Models for Scientific Reasoning Competency

SR can be studied in problem-solving situations, making it accessible to assessment [1,24].
Using a “simulated discovery context” [1] (p. 3) gives detailed insight into the underlying
processes while maintaining control over situational boundaries and prior knowledge
needed by the participants. So far, several models of scientific reasoning ranging from
global measures to more fine-grained descriptions have been proposed, yielding various in-
struments for measuring SR competency [25]. Models can be differentiated by target group,
i.e., school and/or university context or other target groups [25], and by their purposes,
such as assessment [10], description of learners” activities in the process of SR, and problem-
solving [26,27] or the description of important aspects of inquiry teaching [28]. Following
Klahr and Dunbar’s [29] “Dual Space Search,” SR models usually cover the domain “con-
ducting scientific investigations” [24] and exhibit at least a three-fold structure involving
the facets “hypothesis,” “experiment,” and “conclusion”. However, the respective models
differ in the degree of sub-division into up to 9 facets (see Figure 1) [10,24,26,28-37]. For
example, the model developed by Fischer and colleagues [30] also covers the problem
identification, that is, the analysis of the underlying phenomenon before the generation
of hypotheses. The skill “generating hypotheses” is divided into “questioning” and “hy-
pothesis generation”. Moreover, “testing hypotheses” is subdivided into a construction
phase (cf. the different notions of planning in Figure 1) and “evidence generation,” which
is comparable to experimentation and observation [26,28,31]. The last facet of Klahr and
Dunbar’s [29] model can be divided into “evidence evaluation,” such as the preparation
and interpretation of experimental findings [26,32], and “drawing conclusions”. “Commu-
nicating and scrutinizing” completes the facets [30], whereas, for example, in Kambach'’s
model [26], communication is viewed as a skill relevant to all processes involved in SR.
Some models also specify the documentation [28] skill as a separate facet, while this is seen
as a cross-process skill relevant to all other facets in other models [26]. Recently, modelling
skills have also been proposed to amend skills in conducting investigations to cover a
broader notion of SR [10,33,34].
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Figure 1. Overview of some models for scientific reasoning competency subdomain “conducting scientific investigations”
(compiled from [10,24,26,28-37]).

For this study, part of Nawrath et al. and Kambach’s models [26,28] were combined to
form a fine-grained model for measuring SR competency of preservice chemistry teachers.
The skills formulating research questions, generating hypotheses, planning experiments, observing
and measuring, preparing data for analysis, and drawing conclusions were included. In contrast
to Kambach, the ability to specify the phenomenon is not assessed, but nevertheless, a
phenomenon underlies the test instrument: A phenomenon is presented to the participants
in an introduction and thereafter worked on. Furthermore, setting up experiments (cf. [28])
is not applied in our work, as this skill does not play a central role in scientific reasoning in
chemistry and partly overlaps with practical work skills [24]. Documentation is understood
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as an overarching skill following Kambach [26] and is thus not part of the skill observing
and measuring, which is contrary to the model by Nawrath et al. [28].

1.2. Assessment of Scientific Reasoning

SR competency can be assessed with domain-specific as well as domain-general in-
struments in different test formats, such as paper-pencil tests or experimental tests. For
the latter, real or virtual/mental experiment can be used [25]. Both types can employ
multiple-choice items [10,34] or open formats [27] and assess theoretical notions of SR,
performance-related measures [26,27], or self-assessments [35]. Some studies also use
mixed formats [25]. The different methods for eliciting these skills have different properties
regarding time consumption, practicability, individual diagnostics, external influences, con-
gruence, and simultaneity [27]. Performance tests showed significantly larger effect sizes
than multiple-choice tests [38]. Moreover, as Shavelson [9] pointed out, multiple-choice
assessment can hardly be seen as a situation closely representing real life. Furthermore,
multiple-choice questions may measure knowledge that the participants might be able
to state but might not be able to put to practice (inert knowledge, see for instance [39]).
Hence, a performance-based assessment format seems to be more closely tied to the com-
petency to be inferred. However, performance-based assessment can be time-consuming
for participants and researchers alike. In addition, there are differences in measuring skills
in individual and group work: while group work enhances communication and therefore
makes thoughts accessible to the researcher [40], better performance in problem solving of
groups compared to individuals has been demonstrated [41], which may limit reliability of
assessment of individual skills in group work situations.

Adults, and therefore also preservice teachers, experience difficulties in dealing with
SR tasks: they tend to design confounded experiments or to misinterpret evidence to be able
to verify their beliefs [1]. Kunz [36], Khan, and Krell [42] as well as Hartmann et al. [10]
found higher SR competency in preservice science teachers with two natural science
subjects, while this made no difference in a study conducted by Hilfert-Riippell et al. [43].
Furthermore, students” SR competency differs by school type and progression in university
studies [10,34,42]. Kambach’s [26] findings suggest that preservice biology teachers either
are very apt in describing phenomena, generating hypotheses, and interpreting results or
do not show these processes at all. As for the other processes, skills show more variation
among the sample. However, students also lack experimental precision and demonstrate
deficient reasoning for their choice of material in planning investigations. While conducting
experiments, they tend not to consider blanks and hardly ever plan intervals or end points
while measuring. Finally, they tend not to prepare their data for analysis or refer back to
their hypotheses while interpreting. Overall, Kambach’s sample demonstrates variation of
SR competency across the entire scale [26]. Hilfert-Riippell et al. [43] demonstrated that
preservice science teachers’ SR skills generating hypotheses and planning investigations are
deficient. However, they found that students’ skill in planning investigations is moderated
by their skill to generate hypotheses.

1.3. Learning Activities Supporting the Formation of Scientific Reasoning Competency

While the empirical and pedagogical literature has to offer various ideas and propo-
sitions for incorporating scientific inquiry into learning environments in schools and
universities [44—46], preservice science teacher education still lacks inquiry learning ac-
tivities [5,32]. For instance, lab courses mainly employ cook-book experiments [26,32,47].
If at all, the prospective teachers come into contact with forms of inquiry learning only
in teaching methods courses in graduate education [10] or, if offered, while working or
training in school laboratories [26]. Khan and Krell [42] therefore suggested a combination
of contextualized, authentic scientific problem solving and its application to new contexts
with tasks to reflect on problem solving and scientific reasoning on a meta level.

Still, the laboratory already “is the place of information overload” [48] (p. 266). Tra-
ditional cook-book experiments demand of the students to conduct, observe, note—and,
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hopefully, also interpret and understand—an enormous number of elements [48]. How-
ever, most of these demands are clearly stated in the laboratory instructions. Working
on a problem-solving experiment, students need to perform a similar amount of tasks as
well as additional cognitive activities, such as understanding the problem and devising
their own strategy to solving it. Since these demands occupy working memory space
not directed to learning, especially open inquiry is seen to be ineffective due to cognitive
overload [49]. Furthermore, unfamiliarity with the method of problem-solving experiments
from previous laboratories might add to these strains. Reducing the amount of cognitive
demands students have to face simultaneously can be achieved by scaffolding the problem-
solving process [50], providing learners with worked examples [51,52], examples before the
problem-solving process [53,54], or structuring tasks [55,56]. For instance, Yanto et al. [32]
found that structuring three subsequent experimental classes using the three main types
of inquiry (structured, guided, and open inquiry, cf. [6]) in a stepped sequence fosters
preservice biology teachers’ SR skills better than a traditional cook-book approach.

While the use of problem-solving and inquiry activities is widely seen as important, time-
consuming learning activities like these do not always fit into tight schedules in schools and
universities [44]. However, students may benefit from instruction before inquiry activities [57].
In a meta-analysis on the control of variables strategy, Schwichow et al. [38] showed that larger
effects were achieved when learners were given a demonstration. Regarding chemistry
laboratories, implementing instruction, such as demonstrations or examples as prelab
learning activities, seems to be a promising approach [48]. This may be achieved by using
educational videos [58-60].

1.4. Educational Videos as Pre Laboratory Activities

Educational videos are seen as a suitable medium to enhance students’ preparation in
undergraduate chemistry, for instance, regarding content learning in organic chemistry [61],
calculations for laboratory courses [62], as well as the use of laboratory equipment and
procedures [62—66]. Methods for the development of effective videos are subsumed in [67].
Cognitive load theory (CLT) [68] and cognitive theory of multimedia learning (CTML) [69]
inform design of effective videos. For instance, exclusion of unnecessary details helps keep
students” working memory from overloading (CLT), and making use of the visual and audi-
tory channel in a way to avoid redundancy contributes to the effective use of both channels in
educational videos (CTML). In terms of learning outcomes, Pulukuri et al. and Stieff et al.
demonstrated that students preparing with videos statistically outperform a control group
without any preparation [61] or an alternative treatment group preparing with a lec-
ture [66]. However, many studies only report significant effects regarding the affective
domain: students perceive videos to be helpful for preparation of and participation in the
laboratory [60,62—64], even if no evidence can be found for their effectiveness on student
performance [62,63]. Moreover, videos are still seen as rather new and motivating media
in university education [70] and may therefore, like other newly advancing educational
technologies, enjoy a novelty effect when used over a short period of time [61,70-73]. This
may lead to an overestimation of their impact on student performance [61].

1.5. Self-Concept of Ability and Performance

“The relationship between self and performance is associated with an improvement
in ability” [74] (p. 132). Self-concept is not a unidimensional construct but consists of
various facets, such as academic self-concept [75]. Regarding students in an introductory
chemistry course at university, House [76] showed that students” academic self-concept is
a better predictor of first-year achievement in chemistry than, for example, grade of college
admission test. Moreover, facets of self-concept can be broken down further, i.e., academic
self-concept can be further differentiated for different subjects [75]. For example, Atzert
and colleagues demonstrated that self-concept of ability can be measured regarding science
experimentation [77]. Sudria and colleagues [78] compared self-assessment and objective
assessments of preservice chemistry teacher students’ practical skills in a chemistry labora-



Educ. Sci. 2021, 11, 496

50f23

tory. Their findings suggest that both students’ self-assessed skills at the beginning and
during the course correlate with objective assessment of their performance by the lecturer.
Self-concept of ability usually is assessed with regard to three different norms: individual
(i.e., development of abilities over time), social (i.e., own ability in relation to others), and
criterial (i.e., own ability with regard to an objective measure) [79]. However, in agreement
with the criterial rubric Sudria et al. used, Atzert et al. showed that only the criterial norm
informs school students’ self-concept of ability regarding science experimentation [77,78].

The aim of the project underlying this paper is both to foster preservice teachers’
SR competency by implementing a small number of problem-solving experiments and
explanatory videos into an already-existing lab course and to measure a potential increase
in SR competency. This paper first describes an instrument for objectively measuring SR
skills as well as a self-assessment questionnaire in which students rate their SR skills with
regard to the criterial norm before and after the intervention. Using data from the pilot
study, a first insight is given into development of students” SR skills.

2. Materials and Methods
2.1. Redesigning an Organic Chemistry Lab Course

Bearing in mind the insights from research on scientific reasoning and problem solving,
we chose a 90-hour (3 credit points) organic chemistry lab course for second-year bachelor
students [80] and redesigned 8 experiments into inquiry experimental problems cf. [6,46,81]
The intervention constituted approximately 30% of all lab course activities. To account for
the high complexity of a full problem-solving process, each experiment was designed to
focus mainly on one SR skill; planning experiments was further subdivided into (a) planning
experiments (general aspects), (b) using the control of variables strategy, and (c) using
blanks. Control of variables is central to the SR skill planning experiments [38]; however,
students might not be familiar with this strategy (cf. Section 3.1). Using blanks is a specific
form of controlling variables; yet, due to its application in analytical chemical, problems
might be more familiar to second-year students than control of variables strategy. Moreover,
using blanks (i.e., negative and positive controls) does not only cover the experimental
design but addresses validity since it but involves an examination of the method by (1)
testing functionality of the reagents and (2) determining the limit of quantification [82-84].
Therefore, a distinction between using blanks and using the control of variables strategy
was made.

For the lab course, this resulted in one experiment for each of the following skills:
formulating research questions, generating hypotheses, planning experiments: general
aspects, planning experiments: using the control of variables strategy, planning experi-
ments: using blanks, observing and measuring, preparing data for analysis, and drawing
conclusions. Students worked on the experiments in a stepped fashion: each consecutive ex-
periment demanded of them to apply one more skill. Since formulating research questions
and generating hypotheses are known to be more challenging to students than designing
experiments and interpreting data [42,43], we organized the problem-solving experiments
in a sequence from less to more challenging, starting with drawing conclusions in the first
experiment up to the application of all skills in the final experiment [20]. Prior to the lab
activity, each skill was explained and demonstrated to the students in a video lesson using
examples different from those of the respective lab experiment. For instance, criteria for the
generation of good scientific research questions or hypotheses were presented and applied
to examples. In addition, students attended a colloquium on each experiment, discussing
safety issues as well as specifics regarding experimental procedures and explanations with
a lab assistant. In the redesigned course, the colloquium was also used to have students
reflect on the content of each video lesson, i.e., students were asked to reproduce the main
ideas taught in the video lesson and to apply them to the respective experiment. For
example, they formulated their own research questions or presented their experimental
planning. In the lab, students worked in pairs or groups of three if total participant count
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was odd. They handed in lab reports after the course. Details on the redesigned lab are
reported elsewhere [81,85].

Two cohorts served as control groups. They received the organic chemistry laboratory
as originally designed, i.e., without an explicit focus on inquiry experiments. Students
were neither asked to formulate research questions, generate hypotheses, plan their own
experiments, nor draw conclusions with regard to a hypothesis. Instead, they were given
cook-book descriptions of the processes to be conducted. If applicable to the experiment,
students were only asked to choose from a given set of qualitative tests (such as Schiff test
or Tollens reagent) and to conduct blanks for comparison of test results. They were not
given any of the video lessons nor provided with any information from the video lessons in
the colloquiums. To account for motivational effects of video media [61,70], the study also
used an alternative treatment group. This group received the redesigned lab course with
problem-solving experiments but watched videos about practical laboratory skills [62-66],
i.e., their videos were unrelated to SR skills.

2.2. Hypotheses

The overarching goal of our project was to determine whether the redesigned lab
course helps in fostering SR competency. Therefore, we adapted an already validated
test instrument for school students [27] to use with preservice chemistry teachers and
complemented it with a self-assessment questionnaire. Psychometric properties were
examined in a pilot study, and the following hypotheses were tested to account for the
purposefulness of Kraeva’s instrument [27] for our target group:

Hypothesis 1. In the adapted version of the test instrument, accompanying variables (prior
knowledge, methodological knowledge, documentation skill) correlate in the same pattern as in
Kraeva’s [27] findings.

Hypothesis 2. Students in the control group score similar points in accompanying variables (prior
knowledge, methodological knowledge, documentation skill) in pre- and post test since both test
booklets are expected to be comparable, as they do not require prior knowledge [27].

Since traditional cook-book labs should already support some SR skills also associated with
cook-book experiments, such as observing and measuring or preparing data for analysis [6,86,87],
a control group was used to determine the extent to which the cook-book lab already
fosters SR skills. Since both treatment groups worked on the problem-solving experiments
in the lab, these were both expected to gain SR competency over the course of the lab.
Nevertheless, the treatment group watching the SR-related videos (SR group) received
more support in structuring the problem-solving process than the alternative treatment
video group that watched SR-unrelated videos (alternative group). Therefore, the SR group
was expected to benefit more from the lab course, which should manifest itself in a greater
learning gain [61,66]. We hypothesized as follows:

Hypothesis 3. Students in the control group show an increase in SR skills observing and measuring
from pretest to posttest (i.e., after participation in the traditional lab course) but not in skills
generating hypotheses, planning experiments, or drawing conclusions.

Hypothesis 4. Students in both treatment groups (SR group and alternative group) show an
increase in SR competency from pretest to posttest.

Hypothesis 5. Students in the SR group show a greater learning gain in SR competency than
students in the alternative group.
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2.3. Data Collection

Following Shavelson’s [9] requirements for competency measurement, SR competency
can be inferred from measuring a set of complex skills (such as formulating hypotheses,
planning experiments, drawing conclusions, see Section 1.1) observable in a performance
situation (experimental problem-solving tasks in the test instrument) close to a real-world
situation (such as the problem-solving experiments in the laboratory). Tasks and scoring
manuals need to be standardized for all participants (as presented below) and yield a
score for the level of performance from which competency can be inferred. Moreover, the
skills measured are supposed to be improvable through teaching and practice (that is, by
the students attending a laboratory course such as the intervention presented) as well as
dependent on disposition (such as self-regulation due to self-assessment in the respective
skills). Therefore, we chose to build on an already validated, qualitative instrument with
which the procedural structures of students” problem-solving processes in an inquiry
experiment can be determined using video recordings and written records [27]. Processes
observed by Kraeva [27] were generating hypotheses, planning experiments, and drawing
conclusions. Since Kraeva’s instrument was validated with high school students grade
from 5 to 10, we report here the adaptation to the target group of university students.
Using an expanded manual, the following SR skills were measured in the pilot study:
generating hypotheses, planning experiments, observing and measuring, and drawing conclusions.
Additional tasks assessing the skills developing questions and preparing data for analysis were
constructed for the main study. Due to the pandemic, data on the latter two tasks so far
could only be collected on five participants. Therefore, only data on the first four skills
are presented here. As accompanying variables, prior knowledge, documentation skills,
and methodological knowledge were assessed using Kraeva’s [27] instrument and manual.
After the performance test, the students filled out a self-assessment questionnaire in
which they assessed their own SR skills (developing questions, generating hypotheses, planning
experiments, using control-of-variables strategy, using blanks, observing and measuring, preparing
data for analysis, and drawing conclusions) on a five-point-scale. In addition, demographic
data, such as age, gender, and parameters for students’ learning opportunities in chemistry
(subject combination, semesters spent at university, and success in organic chemistry),
were collected.

The test was administered in German with standardized test instructions before
(pretest) and after completion of the lab course (posttest) with two similar test booklets on
different chemical topics (adapted from [27]). The survey usually took place in pairs so
that conversations could be recorded while videotaping. Data were collected anonymously
with cameras positioned to only film participants” hands and working surfaces. Students
who did not wish to be videotaped were seated at a table without recording equipment. All
students who participated in the study signed consent forms. Research procedures were in
accordance with ethical standards of Technische Universitdt Braunschweig. Participants of
cohort 2020 were recorded individually because of pandemic regulations. Nevertheless,
due to using a think-aloud protocol (adapted from [88]), it was still possible to capture
students’ thoughts.

2.4. Description of the Test Booklet

Paper-pencil tests started with two tasks on prior knowledge (Task 1: everyday
knowledge and Task 2: chemical knowledge [27] (p. 81)) regarding the respective topic
(e.g., surface tension). Students were then shown a slow-motion video of the phenomenon
to be investigated and asked to document experimental procedures and observations
(Task 3). This was followed by a videotaped sequence of tasks (“Experimental Tasks”,
see Figure Ala and [27] (p. 71)), including a problem-solving experiment: first, students
were asked to generate a hypothesis (hypothesis I) about the phenomenon in the slow-
motion video (Experimental Task a). They were then asked to plan and conduct an
experiment related to their hypothesis (experiment I), document the procedures, and draw
a conclusion (Experimental Task b). This sequence was videotaped to observe students’
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actual problem-solving process since protocols are known to not necessarily contain all
steps discussed or conducted but rather a selection of those procedures that students
judge worth reporting [89]. After the experimental task, students were asked to give an
explanation for the phenomenon observed earlier in the slow-motion video using findings
from their own experiments (Task 4; [27] (p. 82)). In Task 5 (see Figure Alb), they were
asked to think of other conditions that affect the phenomenon and to develop a new
research question and a corresponding hypothesis (hypothesis II). They then planned
another experiment to test their hypothesis (experiment II), this time, however, without
conducting it. Finally, a method for measuring surface tension was described to the
students; they were given measurement data and asked to prepare a diagram for future
analysis (Task 6, see Figure A2) as well as to extract information from the diagram to
answer a question on data analysis.

2.5. Coding Manuals for Scientific Reasoning Skills

Transcriptions of the videotaped sequence and students” written answers in the test
booklet were analyzed using a coding manual. Accompanying variables were assessed in
individual work from students’ written records. Table 1 shows which data sources were
taken into account for analyses of SR skills.

Table 1. Data sources for analyses of SR skills and accompanying variables.

SR Skill Written Records Video Transcripts
developing questions individual work -
generating hypotheses I individual work discussion in pair work

generating hypotheses II individual work -

planning experiments I - pair work
planning experiments II individual work -

observing and measuring - pair work
preparing data for analysis individual work -
drawing conclusions individual work ! -

! Individual documentation of findings from experimental tasks in pair work.

Coding manuals for rating students” SR skills were deductively developed from the
literature [26-28,90] and inductively complemented with data from the control group. For
calculation of interrater reliability, 13% of video transcripts and written records were coded
by two raters (author 1 and a trained student research assistant, see Section 3.3). Students’
skills were assessed on four-point scales using the manual (see Table A1), whereby a full
score indicated that the skill is fully developed. For example, there are four expressions for
the skills observing and measuring as well as planning experiments 1/1I (e.g., no experiment,
explicating planning, plan not suitable, plan suitable). The rating of the other skills is
divided into four categories (e.g., for generating hypotheses I/II: no hypothesis, hypothesis,
explanation, relationship). Points can be awarded independently of each other. The highest
expression shown by a student was coded even if the same student did not demonstrate
the respective level at another occasion in the task because it was assumed that once
competency is expressed in performance, it can, in principle, be shown again and again.

2.6. Sample

Sixty preservice chemistry teacher students participated in the pilot study. Students
were on average 22.1 years old (SD = 3.2). The majority identified as female (34 partic-
ipants), 20 participants as male, and 4 did not provide a gender identification. Ratio of
female to male students is usually high at Technische Universitdt Faculty of Humanities
and Education Studies [91]. Average grade of school leaving certificate was 2.3 (SD = 0.55;
“Abitur”, grades may vary from 1.0 to 4.0, with 1.0 being the best possible grade). Forty par-
ticipants studied two STEM subjects, and 14 participants studied chemistry in combination
with a non-STEM subject. The majority of the preservice teacher students in the sample
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planned to teach at secondary schools up to 12th grade (n = 42; German “Gymnasium”),
and 15 participants planned to teach at secondary schools up to 9th or 10th grade (German
“Realschule/Hauptschule”). On average, participants were in their 3rd semester of the
bachelor (IQR = 2.75) when attending the organic chemistry laboratory. In addition, most
participants (n = 50) had attended the corresponding lecture in organic chemistry before
the laboratory; 29 had also passed the respective exam.

The data were collected between 2017 and 2020 in a pretest-posttest design, i.e.,
immediately before and after the laboratory course. Across all cohorts, some students
refused videography, and thus, in some cases, less data are available for skills planning
experiments I and observing and measuring than for those skills assessed from written records
(see Table 2). The self-assessment questionnaire was not administered in the control group
because it was not added to the study design until production of explanatory videos was
completed. SR tasks assessing formulating research questions and preparing data for analysis
were piloted in 2020 with a small cohort due to the pandemic.

Table 2. Sample sizes for tasks Al to A5 (accompanying variables, [27]) and SR skills by group in the pretest.

Group Alto A5 HI HII PI PII OM C 0 D SA
control 28 28 28 11 28 11 28 1 1 -1
SR 18 18 18 17 18 17 18 6 6 18
alternative 14 14 14 11 14 11 14 1 1 14
Sum total 60 60 60 39 60 39 60 6 6 32

Abbreviations: H, generating hypotheses; P, planning experiments; OM, observing and measuring; C, drawing conclusions; Q, formulating
research questions; D, preparing data for analysis; SA, self-assessment. ! Task/questionnaire not yet implemented.

3. Results

Psychometric properties of the instruments were calculated using pretest data from
the pilot study. Hypotheses were tested using pre- and posttest data. For a first insight
into the effects of the newly designed laboratory, pre- and posttest measurements from the
treatment groups were examined.

3.1. Self-Assessment Questionnaire

Self-assessment data on SR skills were collected in the treatment groups, totaling
32 participants. Item parameters of the self-assessment instrument show that students
rated their initial abilities as rather high (M from 3.06 to 4.50, see Table 3; rating on a scale
from 1 to 5). However, the majority of participants already judged their skills in using blanks,
observing and measuring, and drawing conclusions to be very high before participating in the
laboratory. Interestingly, for item “using control of variables strategy,” 15 out of 32 students
chose the alternative answer “I don’t know,” resulting in only 17 valid answers. Item
planning experiments was answered by six participants because it had only been added to
the questionnaire in 2020.

Both items planning experiments and using control of variables strategy were excluded
from calculations due to the small number of answers. Exploratory factor analysis of
the remaining six items using principal component analysis (PCA) with varimax rotation
showed a two-factor solution judging by Kaiser criterion (see Table 4) [93]. Rotated
component matrix of the two-factorial structure indicated that the second factor consisted
of only two items, using blanks and observing and measuring. These items identified as
measuring skills not exclusively associated with inquiry experiments but also needed
when conducting cook-book experimental procedures. Both items were excluded from the
potential scale of SR skills. Reliability of the adapted four-item scale “self-assessment of
scientific reasoning competency” gave an acceptable Cronbach’s o of 0.787 (4 items, n = 29)
and a rather high inter-item correlation of 0.488 but still considerably lower than o [94,95].
No improvements of Cronbach’s « were achievable by further removal of items. Mean
score on the four-item scale was M = 14.97 £ 2.442.
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Table 3. Self-assessed scientific reasoning skills in the pretest (M, mean; SD, standard deviation; P;, item difficulty; n, sample

size; assessment on a 5-point scale).

SR Skill M SD P, n
formulating research question 3.27 0.907 0.57 30
generating hypotheses 3.68 0.832 0.67 31
planning experiments 1 3.83 0.753 0.71 6
using control of variables strategy 3.06 1.298 0.51 17
using blanks 4.09 0.818 0.77 32

observing and measuring 4.50 0.672 0.88 2 32
preparing data for analysis 3.88 0.833 0.72 32
drawing conclusions 4.03 0.647 0.76 32

! Ttem removed from the scale due to small sample size. 2 Item difficulty indicates ceiling effect. (A ceiling effect is defined as “a situation
in which the majority of values obtained for a variable approach the upper limit of the scale used in its measurement. For example, a test
whose items are too easy for those taking it would show a ceiling effect because most people would achieve or be close to the highest
possible score. In other words, the test scores would exhibit skewness and have little variance, thus prohibiting meaningful analysis of the

results” [92].)

Table 4. Rotated component matrix of self-assessed scientific reasoning skills in the pretest (1 = 29).
Factor loadings negligibly small (<0.3) [93] are set in gray.

SR Skill Component 1 Component 2
formulating research question 0.798
generating hypotheses 0.755
using blanks 0.879
observing and measuring 0.900
preparing data for analysis 0.809
drawing conclusions 0.745

Pre- and posttest data of self-assessment from the treatment groups were compared
using the four-item-scale. Wilcoxon test was used due to small sample sizes. In both
groups, a tendency for improvement toward the posttest is visible yet not significant (see
Table 5).

Table 5. Analysis of differences between pretest and posttest in SR skills in the treatment groups,
calculated using Wilcoxon test (M, mean; SD, standard deviation; 1, sample size; Z, parameter of
Z-distribution; p, significance level).

Treatment Groups Pre Post z p!
M SD n M SD n
alternative 15.75 2.527 12 16.75 2.137 12 —-1.299 0.116
SR 14.44 2.366 16 15.00 2.608 16 —-0.829 0.215

1 Exact significance is reported due to small sample size (1 < 30).

3.2. Accompanying Variables

As Kraeva [14] had constructed the instrument for school students grade 5 to 10, yet
as a tool not relying on prior knowledge, we investigated whether item difficulties in
the accompanying variables (tasks Al to A5) might hint at ceiling effects [92], potentially
rendering the test too easy for university students. Means and item difficulties from
pretest data of the pilot study show that students achieve moderate to high scores in the
accompanying variables of the paper-pencil test. The test does not produce ceiling effects
except for the task on content knowledge (see Table 6).

Kraeva [27] found small but significant correlations between tasks Al (prior knowl-
edge from everyday life) and A2 (prior knowledge from chemistry content knowledge) as
well as between tasks A4 (explaining results) and A5 (generating a hypothesis and planning
a corresponding but hypothetical experiment) and had hence subsumed tasks Al and A2
to form a measure for prior knowledge and tasks A4 and A5 to measure methodological
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knowledge. We therefore expected to find similar correlations, while task A3 (“documen-
tation”) was expected not to correlate (Hypothesis 1). Correlations with medium effect
sizes [96] were found between tasks Al and A2 (r = 0.332; p = 0.010; n = 60), tasks A3 and
Al (r=0.320; p = 0.013; n = 60), and tasks A3 and A4 (r = 0.301; p = 0.019; n = 60), but no
significant correlations with task A5 were found. For following analyses, tasks A1 and A2
were therefore subsumed as “prior knowledge” [27]; tasks A3, A4, and A5 were treated
as separate items. In addition, task A5 was also rated using coding manuals for SR skills
generating hypotheses II and planning experiments Il (see Section 3.3).

Table 6. Item parameters of tasks A1l to A5, pretest data from the pilot study (M, mean; SD, standard
deviation; P;, item difficulty; n, sample size).

Task M SD P; n

Everyday life knowledge (A1) 1.321 0.833 0.66 60
Content knowledge (A2) 1.62 1 0.691 0.813 60

Prior knowledge (Al + A2) 2932 1.247 0.73 60
Documentation skill (A3) 0.881 0.904 0.44 60
Explaining (A4) 1251 0.795 0.63 60
Hypothesis and planning (A5) 0.901 0.730 0.45 60
Methodological knowledge (A4 + A5) 2152 1.147 0.54 60

! Maximum of 2 points. 2 Maximum of 4 points. 3 Item difficulty indicates ceiling effect [92].

Furthermore, we expected that pre- and posttest performance of participants would
not differ in the accompanying variables, accounting for comparability of the pre- and
posttest booklets (Hypothesis 2). To eliminate any potential influence from the intervention,
only data from the control group were used in the comparison. Table 7 shows results from
Wilcoxon signed-rank test indicating no significant differences between pretest and posttest
performance of the control group in the accompanying variables.

Table 7. Analysis of differences between pretest and posttest in tasks Al to A5 in the control group, calculated using Wilcoxon

signed-rank test (M, mean; SD, standard deviation; 1, sample size; Z, parameter of Z-distribution; p, significance level).

Pre Post zZ p3
Task M SD n M SD n
Prior knowledge (A1l + A2) 3.181 1.278 28 3.071 1.016 28 —0.149 0.893
Documentation skill (A3) 1.002 0.861 28 0.892 0.875 28 —0.528 0.637
Explaining (A4) 1.292 0,763 28 0.932 0.813 28 —1.586 0.132
Hypothesis and planning (A5) 0.932 0.766 28 1.042 0.693 28 —0.786 0.515

I Maximum of 4 points. 2 Maximum of 2 points. 3 Exact significance is reported due to small sample size (1 < 30).

3.3. Scientific Reasoning Skills

In the pilot study, students’ SR skills generating hypotheses I/11, planning experiments I/II,
observing and measuring, and drawing conclusions were assessed on four-point scales using
either their written records of tasks in individual work, such as generating hypotheses II or
drawing conclusions, or video transcripts of tasks in pair work, such as planning experiments 1
or observing and measuring (see Table 1 for details on data source per skill). Since analysis of
accompanying variables (see Section 3.2) showed that tasks A4 and A5 did not correlate
as was found by Kraeva [27], Task A5 was used to assess students” SR skills generating
hypotheses 1I and planning experiments II in individual work with the manuals presented in
Section 2.5 (Table Al).

Content validity of the instrument and manuals was established in a group discussion
of eight members of staff in chemistry- and biology-teaching methodology. Reliability
of the data collection was assessed by computing interrater reliabilities for the manuals.
For this, the author conducted a rater training with the second rater (student research
assistant) after the development of the manual, in which the manual was first presented
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in general and discussed using some examples. Finally, the student raters” questions
were clarified. Afterwards, the second rater coded 13% of the material and noted further
questions and ambiguities, which were then clarified in a second rater training session. This
was followed by the final coding of the material by both raters (13% student rater, entire
data set author 1), from which the results of the ICC were computed. Intraclass correlation
for absolute rater agreement in the presence of bias (ICC (A,1); [97]) was calculated, yielding
excellent reliabilities ranging from 0.915 to 1.000 ([98]; see Table 8). Interrater reliabilities for
the newly developed tasks measuring SR skills formulating research questions and preparing
data for analysis were not yet calculated because of small sample sizes in 2020 due to
pandemic regulations.

Table 8. Interrater reliability (ICC (A,1); [97]) of the manuals for SR skills.

SR Skills P P
generating hypotheses 0.915 0.000
planning experiments 1.000 0.000

observing and measuring 0.968 0.000
drawing conclusions 0.971 0.000

Means of students’ scores in the SR skills indicate that students already achieved mod-
erate results in the pretest (see Table 9). Item difficulties were high but showed no ceiling
effects, indicating that the tasks were not too easy for university students. For those skills
that were both assessed in individual work (generating hypotheses I, planning experiments 1I)
and in pair work (generating hypotheses I, planning experiments I), item parameters indicated
that pair work assessment results in a higher item-difficulty value, i.e., tasks in pair work
are easier for the students than tasks in individual work. Exploratory factor analysis (PCA,
varimax rotation [93]) indicated a two-factorial structure judged by Kaiser criterion (see
Table 10). Rotated component matrix showed that component 1 represents skills assessed
in individual work using written records (generating hypotheses 11, planning experiments I1
and drawing conclusions), and component 2 represents skills assessed in pair work using
video data (planning experiments I and observing and measuring) as well as written records
(generating hypotheses I). However, observing and measuring shows a negative loading and
was therefore excluded.

Reliability was calculated for the potential scales “individual SR competency” using
variables generating hypotheses 11, planning experiments Il and drawing conclusions as well
as “SR competency in pair work” using variables generating hypotheses 1 and planning
experiments I. Cronbach’s « = 0.578 was found to be rather low for the three-item scale
“individual SR competency” (n = 60) but considerably higher than moderate average inter-
item-correlation of 0.335 [95]. For the two-item-scale in pair work, Cronbach’s o = 0.292
was not acceptable (n = 39). Even though some authors argue that a Cronbach’s o lower
than 0.7 is acceptable if item content is meaningful [94,95], we decided not to use the scales
but to report analyses of SR skills item-wise.

Table 9. Item parameters of objectively assessed scientific reasoning skills, pretest data from the pilot
study (M, mean; SD, standard deviation; P;, item difficulty; n, sample size). From 0 to 3 points were
achievable in each skill.

SR Skills M SD P; n
generating hypotheses I 2.15 0.880 0.72 60
generating hypotheses I 1.67 0.816 0.56 60

planning experiments I 2.13 0.656 0.71 391
planning experiments II 1.67 1.100 0.56 60
observing and measuring 2.03 0.668 0.68 391

drawing conclusions 2.07 1.023 0.69 60

1 Sample size is smaller because not all participants agreed to the videography.



Educ. Sci. 2021, 11, 496 13 of 23

Table 10. Rotated component matrix of objectively assessed scientific reasoning skills in the pretest
(n = 39). Factor loadings negligibly small (<0.3) [93] are set in gray.

SR Skills Component 1 Component 2
generating hypotheses I 0.852
planning experiments II 0.777
drawing conclusions 0.770
generating hypotheses I 0.784
planning experiments I 0.508
observing and measuring —0.685

Table 11 shows mean pretest and posttest scores for SR skills of all three groups. On
average, students in all groups showed moderate abilities in all skills as well as a tendency
for increase in the posttest in nearly all skills. Participants from the alternative treatment
group seemed to achieve higher performances in pair work in the pretest (cf. generating
hypotheses 1, planning experiments I). To determine whether the traditional laboratory already
enhances students’ SR skills (Hypothesis 3), two cohorts served as control groups. They
received the organic chemistry laboratory as originally designed, i.e., without an explicit
focus on inquiry experiments. Pre- and posttest data from the control group were tested
for differences in the variables generating hypotheses /11, planning experiments I/I1, observing
and measuring, and drawing conclusions. Differences between pre- and posttest were only
found to be statistically significant for the skill observing and measuring (see Table 11). In
this skill, the posttest shows a ceiling effect, as all participants achieved the full score in
the posttest. Hence, the posttest may have been too easy for the participants of the control
group regarding this skill.

Table 11. Comparison of pretest and posttest mean scores in objectively assessed scientific reasoning skills, calculated using
Wilcoxon signed-rank test (M, mean; SD, standard deviation; 1, sample size; Z, parameter of Z-distribution; p, significance
level). p-values for nonsignificant test results (p > 0.05) are set in gray.

Pre Post Z p!
SR Skills M SD n M SD n
control group
generating hypotheses I 2.04 1.055 27 2.41 0.694 27 —1.487
generating hypotheses II 1.63 0.792 27 1.59 0.931 27 —0.080
planning experiments I 2.36 0.809 11 2.82 0.405 11 —1.406
planning experiments II 1.59 1.047 27 1.81 1.145 27 —0.851
observing/measuring 2.00 1.095 11 3.00 0.000 11 —2.460 0.008
drawing conclusions 2.04 1.224 27 2.07 0.997 27 —0.054
alternative group
generating hypotheses I 2.46 0.776 13 2.46 0.877 13 —0.122
generating hypotheses I 1.46 0.877 13 2.15 0.689 13 —1.852 0.043
planning experiments I 2.45 0.522 11 2.64 0.809 11 —0.816
planning experiments II 1.62 1.121 13 2.77 0.832 13 —2.461 0.008
observing/measuring 2.09 0.701 11 191 0.701 11 —0.694
drawing conclusions 2.15 0.987 13 2.31 0.751 13 —0.491
SR group
generating hypotheses I 2.00 0.612 17 2.59 0.618 17 —2.352 0.014
generating hypotheses II 1.94 0.827 17 2.18 0.728 17 —1.069
planning experiments I 1.76 0.437 17 2.76 0.664 17 -3.127 0.001
planning experiments II 1.82 1.185 17 224 0.970 17 -1.137
observing/measuring 2.00 0.000 16 2.13 0.619 16 —0.816
drawing conclusions 2.06 0.748 17 1.71 0.985 17 —1.604

1 Exact significances are reported due to small sample sizes (1 < 30).
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Furthermore, we hypothesized that both treatment groups would show an increase
in SR competency (Hypothesis 4). Both groups had significantly higher mean scores in
generating hypotheses and planning experiments in the posttest than in the pretest (see Table 11).
Interestingly, for the SR group, this only applies to the skills assessed in pair work, while
for the alternative group, the increase is only significant for the skills assessed in individual
work. Regarding the alternative group, skills assessed in pair work were already rather
high in the pretest compared to individual skills. If pretest values are high, there is less
room for improvement. Nevertheless, a total number of 13 participants equal 6 groups at
most, reducing validity of the comparison. Furthermore, in contrast to the control group,
neither treatment group achieved a significant increase in observing and measuring toward
the posttest. Neither the treatment groups nor the control group showed an increase in the
skill drawing conclusions. Still, it should be noted here that the small sample sizes of the
pilot study, especially in the alternative group, limit generalizability of these findings.

So far, performances of control and treatment groups were compared independently
of each other, yielding five significant achievement gains. Hypothesis 5 assumed that
students in the SR group show a greater learning gain in SR competency than students
in the alternative group. To enable a comparison among the groups, gains in each skill
were calculated by distracting participants’ pretest scores from their posttest scores. Then,
Kruskal-Wallis H test was performed on the pre-post differences, indicating the only group
difference in the skill planning experiments I (see Table 12). A post-hoc test (with Bonferroni
correction) showed that the group difference resulted only from a significant difference of
learning gain between alternative group and SR group (z = —2.487; p = 0.039). So far, it can
be concluded that control group and alternative group did not differ in learning gains, but
participating in the SR group led to a significantly larger learning gain in the skill planning
experiments 1. Beyond that skill, no other differences were found between alternative and
SR groups or control group and SR group. As was stated before, limitations regarding
generalizability of these findings apply due to the small sample sizes.

Table 12. Comparison of groups for mean pretest-posttest differences in objectively assessed scientific reasoning skills,

calculated using Kruskal-Wallis H test (M, mean of pre-post difference; SD, standard deviation; n, sample size; H, parameter

of H-distribution; p, significance level). p-values for nonsignificant test results (p > 0.05) are set in gray.

SR Skills Control Group Alternative Group SR Group H () P
M SD n M SD n M SD n

generating hypotheses I 0.37 1.214 27 0.00 1414 13 0.59 0.870 17 1.455
generating hypothesesII ~ —0.04 1.224 27 0.69 1.251 13 0.24 0.903 17 2.393
planning experiments I 0.45 1.036 11 0.18 0.751 11 1.00 0.866 17 6.742  0.034!
planning experiments II 0.22 1.340 27 1.15 1.281 13 0.41 1.326 17 3.675

observing/measuring 1.00 1.095 11 -0.18 1.250 11 0.13 0.619 16 5.705

drawing conclusions 0.04 1.255 27 0.15 1.214 13 —-0.35 0.862 17 1.495

1 Post-hoc test results: (z (control vs. alternative) = 0.746; p = 1.000; z (alternative vs. SR) = —2.487; p =0.039; z (control vs. SR) = —1.664;

p =0.288).

4. Discussion and Limitations of the Study

In this study, an already validated, performance-based instrument for description
of SR processes of school students was adapted for measurement of SR competency of
preservice chemistry teachers. Accompanying variables adopted from Kraeva [27] as
well as tasks measuring SR skills were found to be suitable for preservice chemistry
teachers regarding difficulty and comparability of test booklets (Hypothesis 2). Kraeva’s
performance test originally only involved generating hypotheses, planning experiments, and
drawing conclusions in a mixed format of individual and pair work. Due to the fact that,
in contrast to Kraeva [27], no significant correlation between accompanying variables
A4 and A5 could be identified, these variables were not summarized to form a measure
for methodological knowledge but treated as separate items. Even though Hypothesis 1
therefore had to be rejected in parts, the data from A5 could now be used to assess SR skills
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generating hypotheses 1l and planning experiments Il from individual work. Furthermore,
the test was extended to measure observing and measuring in pair work in the pilot study.
Factor analysis indicated a two-factorial structure of SR skills, separating skills assessed
in individual work from those assessed in pair work. This is in accordance with findings
from other studies comparing individual and group performance [40,41]. Even though
reliabilities were low, tasks assessing skills individually yielded slightly more reliable data.
Still, excellent interrater reliabilities were found indicating reliability of the method for
collecting data on SR skills. Hence, for use in the main study, new tasks assessing skills
formulating research questions and preparing data for analysis were added to the test. Factor
analysis of SR self-assessment items indicated that the skills using blanks and observing and
measuring load on a different factor than the other SR skills, such as formulating research
questions or generating hypotheses. The former two skills seem to be not only relevant to
inquiry experiments exclusively but also to cook-book experimentation. For example,
Sudria and colleagues included observing in a set of practical laboratory skills [78].

The second aim of this project was to enhance preservice chemistry teachers” SR
competency through experimental problem solving and explanatory videos in an organic
chemistry lab course. First insights can be inferred from comparison of control and treat-
ment groups in the pilot study. Even though 60 students in total participated in the pilot
study, the rather small sample sizes in each group still limit generalizability of the findings.
Both SR self-assessment and objective assessment data show that preservice chemistry
teachers in their second year at university already demonstrate substantial skill before
attending the laboratory. That is, without having received any explicit instruction on
inquiry learning or scientific reasoning so far. In comparison to instruments used with
secondary preservice science teachers in other studies [10,34,42], the instrument presented
here seems to be less difficult. This is in accordance with the origin of the instrument,
which was originally developed for school students [27]. Nevertheless, increases in several
skills were measurable (see below).

Students rated their own abilities in using blanks, drawing conclusions and observing
and measuring as particularly highly developed, while lower self-assessment of skills was
found for formulating research questions and using control of variables strategy. Especially the
control of variables strategy may be unknown to some preservice teacher students in their
second year of the bachelor, which might explain why students more frequently chose the
alternative answer “I don’t know” with this item. A similar pattern was found in the SR
skills assessed from students” performance: students’ individual performance was found to
be relatively high in drawing conclusions and moderate in generating hypotheses and planning
experiments. This is accordance with findings from Krell and colleagues as well as Khan and
Krell that students” performances are lower in formulating research questions and generating
hypotheses than in planning investigations, analyzing data, and drawing conclusions [34,42].
As was also demonstrated before [41], students scored more points in skills assessed in
pair work than in individual work: Performance for generating hypothesis I and planning
experiments I (assessed in pair work) tended to be higher than for generating hypotheses
II and planning experiments II (assessed in individual work). This is in accordance with
findings that groups have higher success in problem solving than individuals because
they engage more actively in explanatory activities [41,99]. However, it cannot be said
with certainty that the higher score is exclusively due to the work in pairs. Stiller and
colleagues identified several features rendering test items difficult [100], such as text length,
use of specialist terms, and cognitive demands, i.e., use of abstract concepts (for instance,
also [101] in this special issue). A comparison of the experimental task and task 5 (see
Figure A1) indicates no difference in text length or use of specialist terms. Tasks involving
abstract concepts require participants to build “hypothetical assumptions [ ... ] not open
to direct investigation” [100] (p. 725). This only holds true for planning experiments II
(planning of a hypothetical experiment) but not for generating hypotheses I/I1, as these are
both hypothetical tasks. Moreover, students were not observed to change their answers in
task generating hypotheses I after writing up their answers to the experimental task. Kraeva’s
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test construction followed the Model of Hierarchical Complexity in chemistry (MHC) [102],
which describes task complexity with regard to the number of elements to be processed
and their level of interrelatedness. Both the experimental task and task 5 were constructed
on the highest level (“multivariate interdependencies”) [102] (p. 168); therefore, both tasks
require the same cognitive demands. Additionally, the students were videotaped while
solving the experimental task, which may have led to greater care and effort in solving the
task. Therefore, it cannot be conclusively clarified whether this is an effect of pair work.

Regarding the increase in skill achieved through participation in the lab course, some
learning gains were found in the control and treatment groups. As was expected for
the control group, an increase was only found for observing and measuring but not for
generating hypotheses, planning experiments, or drawing conclusions (Hypothesis 3). This
may be attributed to the fact that in the traditional laboratory, students were not asked to
generate their own research questions or hypotheses. Hence, there was also no need for
them to reason with respect to question or hypothesis, consequently yielding no increase
in these skills [6,86,87]. Hypothesis 3 was therefore provisionally accepted. Increases in SR
skills in the treatment groups were not as clear cut as hypothesized. Both treatment groups
showed an increase in generating hypotheses and planning experiments, whereas no increase
was found for observing and measuring and drawing conclusions. Thus, Hypothesis 4 could be
provisionally accepted for the respective skills. As the control group’s skill in observing and
measuring increased, an increase would have been expected in the treatment groups as well.
This may be attributed to several possible reasons: On the one hand, cognitive demands
placed on the treatment groups due to the additional and new learning objectives in the
intervention (such as generating hypotheses) could have been too high, therefore reducing
cognitive capacity directed at skills students might have perceived as already familiar to
them. On the other hand, since observing and measuring showed negative factor loading
on SR skills in pair work, there might as well be an issue with the assessment of this skill
either in the manual or in the task. Hence, this skill should undergo revision before start of
the main study. So far, Hypothesis 5 had to be rejected since the SR group only showed a
significantly larger learning gain than the alternative treatment group in one skill, planning
experiments I, but no difference in learning gain compared to the control group. Since the
data analyzed here belonged to the pilot study and therefore only give a first indication of
the effectiveness of the intervention, both hypotheses 4 and 5 will have to be tested again
in the main study.

Qualitative assessment was chosen to arrange for a more individualized view on
students” skills; yet, quantitative analyses show that small sample sizes are a serious
limitation of the presented investigation. This applied particularly to the very small sizes
of the treatment groups due to the piloting. Resulting from this, issues arose for the ratio
of items to participants in the factor analyses as well as regarding the low reliabilities of
the instruments. Furthermore, conducting parts of the performance tasks in pair work
led to reliability issues in comparison to individually assessed SR skills, negating the
advantage of the pair-work format in enhancing communication and hence accessibility of
participants’ thoughts [40]. In addition, since the original test instrument was constructed
for school students, we expected preservice teachers to achieve moderate to high scores. In
some variables however, this produced ceiling effects [92], such as in the control group’s
posttest for performance-based SR skill observing and measuring or in the self-assessment
in the respective skill. This may lead to a failure of the instruments in differentiating
potential gains in these skills due to the treatment. Furthermore, negative factor loading
of SR skill observing and measuring demands that the respective task and manual should
undergo revision before conducting the main study. Regarding the late introduction of the
self-assessment questionnaire in the design of the study, comparison of self-assessed skills
in the control group was impossible. Moreover, no gains in self-assessment of skills were
found for the treatment groups. It cannot be ruled out that the pandemic had an influence
on student motivation in the 2020 cohort, as lab activities had to be conducted under strict
pandemic restrictions, for example, prohibiting pair work in the lab. Furthermore, the
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pandemic may also have had an impact on the researchers’ and assistants” performance
in the laboratory due to uncertainties in the planning process. Since the 2020 cohort was
part of the SR group, this limits the scope of the findings from comparison of treatment
groups even more. New pandemic regulations may also hinder the further conduction of
this study.

5. Conclusions and Future Directions

With the performance-based instrument presented here, so far, four SR skills as well
as gains in SR skills could be measured on a fine-grained level. Hence, the main aim of this
pilot study was partially achieved. For the further course of the project, assessment tasks
for the skills developing research questions and preparing data for analysis will undergo further
investigation as soon as pandemic restrictions permit standardized test administration
and delivering of the laboratory. In addition, task and manual assessing observing and
measuring will be inspected critically. As for the self-assessment questionnaire, items for
planning experiments and using control of variables strategy need further testing also regarding
students’” understanding of the items. For a more thorough investigation into the effects of
the redesigned laboratory on preservice chemistry teacher students” objectively measured
and self-assessed SR skills, a main study will be conducted. It remains to be seen what
impact the interventions will have on students’ scientific reasoning.
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Appendix A Excerpts from Test Booklet and Coding Manual

E

Experimental kask

The liquids to be compared are water, ethanol and cooking oil. The aim is to determine which of
the liquids has a higher surface tension.
(Note: The greater the surface tension of a liquid, the more voluminous drops it can form).

a) Generate a hypothesis about the ranking of liquids according to increasing surface tension.

b) Planan il to verify your Describe exactly how you proceeded! Can you

draw a conclusion? Give reasons!

Material: Water, ethanol, cooking oil, coins, graduated pipettes, Peleus ball, test tubes (large and

small), paper ruler, beakers, Pasteur pipettes, protective goggles

E

Task 5

Task S

Except for the studied parameters, there are other conditions for strong surface tension.

a) Develop a further research question on this.

b) Generate a hypothesis to your research question.

c) Planan

to test your hyp

()

(b)

Figure A1. (a) The experimental task “surface tension,” measuring SR skills generating hypotheses I, planning experiments
I, and drawing conclusions; (b) Task 5, measuring SR skills developing research questions, generating hypotheses II, and

planning experiments II.

Task 6

Task 6

The so-called pendant drop method can be used to
measure the surface tension of liquids.

In this method, a drop of the liquid is created at the
end of a thin tube, e.g. a Pasteur pipette, and its
size is measured.

From this, the surface tension is calculated.

The higher the surface tension, the larger the drop
can become on the pipette.

Present the measured data in the form of a diagram.

table 1 -surface tensions,

measured on air

liquid Surface tension in
mN/m

Ethanol 23

Water 72,8

Olive oil 32

Glycerine 64,4

Toluene 28,2

Figure A2. Task 6. Preparing data for analysis.
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Table Al. Excerpt from coding manual for SR skills developing research questions, generating hypotheses I/1I, planning
experiments I/II, observing and measuring, preparing data for analysis, drawing conclusions. A maximum score of 3 points
can be achieved in each skill. Based on [26-28,90].

Developing Research Questions Points
No question is formulated or the question does not address the topic. 0
The question addresses the subject and can be answered using scientific methods. 1
The question is formulated intelligibly and as an open-ended question. 1
The variables specified in the question denote general concepts (not individual cases) !. 1
Generating Hypotheses I/I1 Points
No hypothesis is generated or the hypothesis does not address the topic and/or the statement is
formulated using “may,” “might,” “could,” “can,” or other expressions differentiating a scientific 0
hypothesis from a mere assumption.
A prediction or hypothesis addressing the topic is formulated. 1
The prediction/hypothesis is complemented by an explanation in one or more sentences. The 1
guess/hypothesis is investigable. The guess/hypothesis is falsifiable.
The prediction/hypothesis specifies a relationship between to variables (can also be represented by 1

bullet points or arrows/drawings).
Planning Experiments I/II Points

No experiments are named or planned. 0

The student explicates planning (also partial steps). 1

The student plans (and executes 2) an experiment that is not suitable. 2
The student plans (and executes 2y an experiment that is suitable. 3

Observing and Measuring Points
No observation or measurement is explicated or the observation/measurement is entirely incorrect or 0
the observation/measurement does not address the topic.
The student explicates that he/she is observing/measuring. The observation/measurement is
relevant to the topic and refers to what is happening in the experiment. Few mistakes are made in the 1
(order of the) observation/measurement.
The observation/measurement contains the essential elements of what is happening in the

experiment. Data are recorded correctly but using an unsuitable method of measurement. 2
The observation/measurement is purposeful, exhaustive and correct. Data are recorded correctly by 3
using a suitable method of measurement.
Preparing Data for Analysis Points
Task is not answered. 0
Correct type of diagram (line graph/bar chart) is chosen. Variables are correctly assigned to the axes.
Axes labels (arrows, categories, or physical quantities and respective units of measurement) are 1
correct.
Ratio scales start at zero or explicitly show that the range does not start at zero. Similar distances on a
ratio scale denote similar differences in the physical quantity. Tick mark labels/category labels are 1
provided. Lengths of the axes are chosen sensibly.
The diagram is neatly drawn. All data points/bars are plotted. Diagram does not extend beyond the 1
specified drawing area. Data points/bars are legible and displayed uniformly and neatly.
Drawing Conclusions Points
Task is not answered or answer does not address the topic. 0
The student names a result. 1
The student’s answer is related to the hypothesis (confirmation or rejection). 1
The student’s answer is based on his/her observation/measurement. 1

! Anchor example: general concept: “surface tension of liquids”; individual case: “surface tension of water”. 2 Only relevant for rating of
SR skill “planning experiments I” in videotaped sequence.
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