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Abstract: Scientific reasoning (SR) skills and nature of science (NOS) beliefs represent important
characteristics of biology teachers’ professional competence. In particular, teacher education at
university is formative for the professionalization of future teachers and is thus the focus of the
current study. Our study aimed to examine the development of SR skills and NOS beliefs and their
mutual relationship during teacher education. We applied paper-and-pencil tests to measure SR
skills and NOS beliefs of 299 preservice biology teachers from 25 universities in Germany. The
results of linear mixed models and planned comparisons revealed that both SR skills and NOS beliefs
develop over the course of the study. Nevertheless, the development of SR skills and multiple aspects
of NOS beliefs proceeds in different trajectories. Cross-lagged models showed a complex picture
concerning the mutual relationship between SR skills and NOS beliefs during their development
(both positive and negative). The current study contributes to the existing research because it is
based on longitudinal data and allows—in contrast to cross-sectional research—conclusions about
the development of SR skills and NOS beliefs.

Keywords: scientific reasoning; nature of science; preservice teachers; longitudinal study; cross-
lagged panel

1. Introduction

Fostering the scientific literacy of students is one of the core aims of science educa-
tion in schools (e.g., [1] [Germany]; [2] [U.S.]). Science teachers’ scientific reasoning (SR)
skills and their beliefs about nature of science (NOS) represent key domains of science
teachers’ professional competence regarding science as inquiry. Science teachers with
higher proficiency in SR skills are more likely to promote inquiry-based learning of their
students [3,4]. Furthermore, science teachers need adequate NOS beliefs to integrate NOS
teaching practices in their classrooms [5,6]. Accordingly, SR skills and NOS beliefs should
be considered equally important as knowledge of other science concepts [7]. In different
countries, standard documents of university teacher education, therefore, include SR skills
and NOS beliefs (e.g., [8] [Germany]; [9] [U.S.]).

Because teacher education at the university is one of the most formative phases of the
professionalization of teachers and the development of their professional competence [10],
it should also be considered an important starting point for the development of SR skills
and NOS beliefs. Previous research shows that preservice teachers’ SR skills and NOS
beliefs improve, at least to some degree, during teacher education at university, and that
this development is related to appropriate learning opportunities provided in science
education courses [11–13]. Regarding SR skills, preservice teachers are more skilled in
graduate science education courses than students in graduate courses that did not explicitly
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reflect upon scientific inquiry [12]. The more courses in university teacher education
referred to NOS concepts, the higher is preservice teachers’ understanding of NOS [11].
Nevertheless, empirical evidence based on longitudinal data allowing statements about
the development of SR skills and NOS beliefs is rare (see [13], for an overview). In
response to this desideratum, the first objective of the present study is to investigate
the development of preservice science teachers’ SR skills and NOS beliefs throughout
university teacher education.

Although SR skills and NOS beliefs are two separate domains of teachers’ professional
competence, their interplay is important: Within teachers’ professional competence, SR
skills and NOS beliefs may be closely related because they both concern the development
of scientific knowledge [14]. Whereas SR skills reflect preservice teachers’ procedural
knowledge about scientific inquiry processes (i.e., knowing how), NOS beliefs reflect their
evaluations of how scientific knowledge comes into being (i.e., knowing why; [15]). Most
research to date, however, was only able to correlate SR skills and NOS beliefs in cross-
sectional designs [14,16]. Thus, the mutual relationship between SR skills and NOS beliefs
and their development over time remains unexplored. For example, it is unclear whether
NOS beliefs are beneficial for SR skills or vice versa (see [17], for an overview). Our second
objective addresses this research gap by exploring the mutual relationship between SR
skills and NOS beliefs during their development. With our results, we aim to contribute
to understanding both constructs and their relationship, and the improvement in teacher
education at university regarding SR skills and NOS beliefs.

1.1. Scientific Reasoning Skills and Beliefs about Nature of Science as Domains of Science Teachers’
Professional Competence

To foster students’ scientific literacy, science teachers need specific characteristics that
are located within the concept of professional competence [18]. Professional competence
covers different aspects of successful teachers’ professional knowledge, motivational orien-
tations, beliefs, values, and goals, and self-regulative skills [18]. These aspects are a critical
resource for teachers to promote student learning [19–21]. One of the core assumptions
of professional competence is that future teachers do not enter their careers with all of
the desired characteristics but acquire them over time. This assumption implies that the
aspects of teachers’ professional competence are, in principle, learnable [22].

1.2. Scientific Reasoning Skills

SR skills are a procedural facet of teachers’ content knowledge. Content knowledge
represents the content-related domain of professional knowledge [18,23]. More specifically,
SR skills represent the “knowing how” (i.e., about scientific inquiry processes; [15,24,25]).
SR skills refer to an individual’s ability to solve problems scientifically, that is, to a domain-
specific set of knowledge and skills for scientific inquiry processes, which differ from
domain-general cognitive strategies [26,27]. SR skills are different from domain-general
cognitive abilities with which they only have medium but positive correlations [28]. SR
skills comprise several subskills, such as formulating hypotheses, planning investigations,
and analyzing and interpreting data. Furthermore, SR skills comprise different dimensions
related to methods such as observing, investigations, and modeling [12,29,30]. The theoret-
ical framework corresponding to the current study more precisely defines four subskills
of SR (i.e., “formulating questions”, “generating hypotheses”, “planning investigations”,
“analyzing data and drawing conclusions”) in the dimension of “conducting scientific
investigations” [31] (p. 264). We refer to “skills” because they are—other than intelligence—
trainable and also distinct from conceptual knowledge (see [32], for a similar account).

Regarding the assessment of SR skills, previous research noted a low validity of
questionnaires based on ill-defined constructs of SR skills [25,33]. There have been few at-
tempts to establish the psychometric quality of the questionnaires (e.g., [34]; see [32], for an
overview). One notable exception was the development of a multiple-choice questionnaire
for science teachers by theory-based item selection (see [31], for an overview), and testing
of its validity [12,30] and applicability in different countries [29,35].
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1.3. Beliefs about Nature of Science

Whereas scientific reasoning reflects the different activities in scientific inquiry (e.g.,
forming hypotheses, planning investigations, and analyzing and interpreting data), NOS
reflects the epistemological basis of scientific inquiry and knowledge [5]. NOS beliefs,
therefore, are different from knowledge of scientific inquiry. The location of NOS beliefs
within the teachers’ professional competence model reflects this conceptual difference [18],
because NOS beliefs conceptually belong to teachers’ beliefs [36]. Teachers’ beliefs are
defined as “psychologically held understandings and assumptions about phenomena or
objects of the world that are felt to be true, have both implicit and explicit aspects and
influence people’s interactions with the world” [36] (p. 250). More precisely, NOS beliefs
conceptually belong to teachers’ epistemological beliefs related to the nature of knowledge
or a particular science (see, [37] for mathematics education; see [38], for an overview). In
science education, NOS beliefs reflect preservice teachers’ evaluations of the character-
istics of scientific knowledge and its production [5]. Despite the ongoing debate about
the general aspects conceptualization of NOS, science education researchers, to a certain
degree, agree on the inclusion of seven to ten aspects in the NOS conceptualization (i.e.,
the consensus view on aspects to be taught in schools; [39]). Previous research aligned
the following aspects from different NOS conceptualizations: tentativeness; observations
and inferences; creativity and imagination; subjectivity and objectivity; social and cultural
embeddedness; diversity of scientific methods; and scientific theories and laws [39,40]. Re-
cently, a comprehensive account of professional competence that teachers need for effective
NOS instruction [38] added to the description of preservice teachers’ NOS beliefs during
teacher education [13] and provided a more prescriptive framework for teacher education.

The assessment of preservice teachers’ NOS beliefs with questionnaires reflects the
general aspects conceptualization of NOS. Questionnaires to assess NOS beliefs follow
qualitative approaches, such as the Views of Nature of Science Questionnaire (VNOS; [41]),
or quantitative Likert-type approaches, such as the questionnaire Student Understanding
of Science and Scientific Inquiry (SUSSI; [42,43]). The Likert-type SUSSI questionnaire is
based on the aspects from the VNOS [43]. Although Likert-type NOS questionnaires have
been criticized [41], they are especially useful in research that assesses larger samples or
repeatedly tests individuals and investigates the relationship between NOS beliefs and
other constructs [44].

1.4. Development during Teacher Education

Kunter et al. [10] describe the first phase of teacher education at university as incredibly
formative for the professionalization of teachers. Neumann and colleagues [45] provide a
concise overview of the German teacher education system (in which our study is situated).
Prospective teachers can choose from different teacher education programs to qualify for
different school tracks (primary school, non-academic track, or academic track). Typically,
they study two subjects. For prospective science teachers, it is essential to mention that they
can study the separate science disciplines (biology, chemistry, and physics). On average,
teacher education programs last five years (three years for the bachelor’s phase and two
years for the master’s phase).

Both preservice teachers’ SR skills and NOS beliefs profit from learning opportunities
in science education courses during teacher education at university [11–13]. According to
previous research, academic training generally appears to promote the development of
SR skills [12,26,46]. Other research, however, suggests that the development of SR skills is
more pronounced when courses promote explicit reflection on scientific inquiry [47–49].
Therefore, the development of preservice teachers’ SR skills may vary throughout teacher
education at university. In a cross-sectional study, university courses that require explicit
reflection are part of the postgraduate phase of university teacher education [12]. The
authors of this study assume that explicit reflection improved science teacher students’ SR
skills that were higher than those of natural science students, and they suggest further
exploring this assumption in longitudinal studies. Adding to the cross-sectional findings,
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one study provides evidence for the—at least moderate—development of SR skills during
university teacher education in a longitudinal study on preservice teachers from two
universities [31]. The development of SR skills was evident from four time points: the first
and fourth semester of their undergraduate studies, and the first and fourth semester of
their postgraduate studies (i.e., the 7th and 10th semesters in total).

Most research on preservice teachers’ NOS beliefs stems from cross-sectional analysis
and repeatedly shows that they do not possess what is considered to be adequate beliefs
about NOS (e.g., [43]). Cross-sectional findings highlight that (future) science teachers
often have an exclusively positive or idealistic image of science, even when the researchers
accounted for the number of teaching years, the type of teacher education program, and the
discipline (see [5], for an overview). Other research focused on how to promote adequate
NOS beliefs and highlighted the effectiveness of explicit and reflective instruction [50–52].
Nonetheless, some aspects of NOS beliefs are more difficult to change than others (e.g., dif-
ferences between scientific laws and theories; [52]). Less research focuses on how preservice
teachers’ NOS beliefs develop over time during university teacher education [11,53]. One
study found a decline in adequate NOS beliefs in a sample of Turkish preservice teachers,
although this study was cross-sectional [53]. Another study showed that adequate NOS
beliefs increase with learning opportunities provided during university teacher educa-
tion [11]. This study, however, also took a cross-sectional approach and did not consider
how NOS beliefs of individual preservice teachers develop over time. Thus, longitudinal
studies of preservice teachers’ NOS beliefs are needed, particularly to explore how different
aspects of NOS beliefs develop in relation to their difficulty [13].

1.5. The Interplay between SR Skills and NOS Beliefs

The two constructs may be related to each other because SR skills reflect the knowledge
of how to pose questions scientifically, whereas NOS beliefs reflect the knowledge of
why scientific inquiry proceeds in specific ways [14,54]. Both SR skills and NOS beliefs
can be enhanced by appropriate instruction, such as explicit reflection about scientific
inquiry [47,55]. Therefore, explicit teaching about scientific inquiry may lead to more
appropriate NOS beliefs, for example, that theories are subject to change. Conversely,
more appropriate NOS beliefs may promote more profound SR skills, such as drawing
valid conclusions from data (see [16], for a similar account on the nature of scientific
inquiry). Most research, however, either studied the development of SR skills (e.g., [12]) or
NOS beliefs [11,53]. Other research that assessed both SR skills and NOS beliefs neither
investigated their relationship (e.g., [56]) nor established a theoretical framework of how
specific beliefs and skills may be related (e.g., [16]). Recently, the theoretical ScieNo-
framework was developed [14]. In their framework, the authors assume that specific beliefs
about the nature of scientific inquiry are related to specific SR skills: for example, SR skills
for observations are related to views about the role of theory in observations [14,54]. Beyond
the above-mentioned theoretical assumptions, there is also empirical evidence indicating
a relationship between SR skills and NOS beliefs. The two studies that examined the
relationship between SR skills and NOS beliefs [14,16], however, were cross-sectional, and
they were not able to investigate the relation between two constructs during development.
Furthermore, a longitudinal framework enables the investigation of the directions of the
effects. Therefore, we suggest testing which NOS beliefs are related to SR skills in a
longitudinal study.

1.6. The Current Research

In the current research, we investigated the development of SR skills and NOS beliefs
in a longitudinal study with preservice biology teachers from German universities. Our
study extends previous studies that investigated preservice teachers’ SR skills (e.g., [12])
and NOS beliefs (e.g., [11,53]) only in cross-sectional designs and, therefore, were not able
to describe the development using a longitudinal approach. In line with previous cross-
sectional studies, we expected preservice teachers’ SR skills and NOS beliefs to increase.
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Furthermore, the current research investigated the mutual relationship between pre-
service teachers’ SR skills and NOS beliefs during university teacher education. Our study
extends previous research on the relationship between SR skills and NOS beliefs using a
longitudinal approach to discern causal relationships between the constructs through a
cross-lagged panel design. In line with previous studies that highlighted small to medium
positive correlations between SR skills and NOS beliefs [14,16], we expected a positive
mutual relationship between preservice teachers’ SR skills and NOS beliefs. However, we
did not assume a specific effect from one construct on another, because previous studies
have only shown positive correlations. The following research questions guided our study:

1. How do preservice biology teachers’ SR skills and their NOS beliefs develop over
time during university teacher education?

2. How are preservice biology teachers’ SR skills and NOS beliefs related to each other
during the course of university teacher education?

2. Materials and Methods
2.1. Study Framework and Participants

This study was conducted in the longitudinal KeiLa project (Development of profes-
sional competence in science and mathematics teacher education). In KeiLa, preservice
science and mathematics teachers from 25 universities in Germany attended up to four
4 h paper-and-pencil assessments between 2014 and 2017. The surveys took place inde-
pendently of specific learning opportunities or courses. Instead, extra appointments were
offered to participate in the study. We did this to obtain a general overview of the develop-
ment of SR skills and NOS beliefs over the course of the study rather than to examine the
effectiveness of specific learning opportunities.

In the current study, we refer to data of 299 preservice teachers (76% female;
Mage = 21.36 years at first attendance, SDage = 2.59). In the KeiLa project, a sequential-cohort
design was conducted. We obtained annual data of preservice teachers enrolled in four
consecutive semesters of semesters 1 to 11 throughout the four measurement points of the
sequential-cohort design. All preservice teachers gave their informed consent for inclusion
before they participated in the study. The study was conducted in accordance with the
Declaration of Helsinki, and no approval of the protocol by the local Ethics Committee
was necessary. The reason for this is that the testing was carried out anonymously and
proceeded in the familiar surroundings of university lecture halls, therefore causing no
distress to the participating preservice teachers.

2.2. Instruments
2.2.1. Scientific Reasoning Skills

We assessed the SR skills of preservice biology teachers with 12 items developed in
the Ko-WADiS project [12,31]. The single-choice items cover four subskills of SR with three
items each: (1) formulating questions, (2) generating hypotheses, (3) planning investiga-
tions, and (4) analyzing data and drawing conclusions (see Table 1, for means and standard
errors). We report a one-dimensional model based on dimensionality tests (see Section 2.3.2.
Preliminary Analyses). The reliability of the scale is sufficient (EAP/PVRel = 0.54; based on
concurrent calibration).

Table 1. Means and standard errors for scientific reasoning (SR) and nature of science (NOS) subscales
of semesters 1 to 7.

Scale
1 3 5 7

M a (SE) M (SE) M (SE) M (SE)

SR skills b 0.00 (0.07) 0.15 (0.08) 0.38 (0.07) 0.54 (0.08)
NOS beliefs c

Observations and inferences 3.59 (0.05) 3.70 (0.06) 3.76 (0.05) 3.77 (0.06)
Tentativeness 3.84 (0.05) 3.89 (0.05) 3.94 (0.04) 4.10 (0.05)
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Table 1. Cont.

Scale
1 3 5 7

M a (SE) M (SE) M (SE) M (SE)

Scientific theories and laws 2.67 (0.05) 2.74 (0.06) 2.80 (0.05) 2.84 (0.06)
Social/cultural embeddedness 3.46 (0.06) 3.65 (0.07) 3.72 (0.06) 3.80 (0.07)
Creativity and imagination 3.26 (0.06) 3.47 (0.07) 3.37 (0.06) 3.39 (0.07)
Scientific methods 3.67 (0.04) 3.71 (0.04) 3.74 (0.04) 3.87 (0.05)

a Estimated marginal means and respective standard errors are based on linear mixed models; b Mean values of
SR skills are based on WLE scores and can take any values centered around zero; c Mean values of NOS beliefs
are based on Likert-type scales which range from 1 to 5.

2.2.2. Nature of Science Beliefs

We measured NOS beliefs with the “Student Understanding of Science and Scientific
Inquiry” [42]. This contains 24 items that were assessed on 5-point Likert scales comprising
1 (does not apply at all), 2 (does rather not apply), 3 (uncertain), 4 (largely applies), and 5 (fully ap-
plies). The six NOS subscales (1) observations and inferences, (2) tentativeness, (3) scientific
theories and laws, (4) social and cultural embeddedness, (5) creativity and imagination,
and (6) scientific methods, were assessed with four items each (see Table 1, for means and
standard errors). Ranges of the reliabilities (Cronbach’s α) of the subscales were as follows
throughout the four semesters: from 0.45 to 0.68 for observations and inferences, from 0.50
to 0.59 for tentativeness, from 0.19 to 0.30 for scientific theories and laws, from 0.69 to 0.78
for social and cultural embeddedness, from 0.53 to 0.69 for creativity and imagination, and
from 0.28 to 0.51 for scientific methods. They were calculated in R [57] with the “psych”
package [58].

2.3. Analyses
2.3.1. Data Preparation

In our data set, we included participants from semesters 1 to 7 (n1 = 141, n3 = 101,
n5 = 155, n7 = 101) because sample sizes in semesters 9 and 11 were too small for our
analyses (n9 = 48, n11 = 8). In our data set, preservice teachers were assigned to the
respective semesters independent of the measurement points. Thereby, data were reshaped
from the sequential-cohort design of the study to a longitudinal design.

2.3.2. Preliminary Analyses

In a first step, we conducted confirmatory factor analyses in Mplus [59] to check the
assumed dimensionality of the constructs based on the subscales of the instruments (NOS
beliefs: [42]; SR skills: [31]). Results revealed that a six-dimensional NOS model and a
one-dimensional model of SR fitted the data significantly better than a one-dimensional
model and a four-dimensional model, respectively (see Table 2).

Additionally, we calculated weighted likelihood estimation (WLE; [60]) scores for
SR skills based on a one-parameter logistic item response theory model with concurrent
calibration in R [57] using the “TAM” package [61].

Table 2. Chi-square difference (∆χ2), degrees of freedom difference (∆df ) and p-value of model
comparison for one- and four-dimensional models of scientific reasoning (SR), and one- and six-
dimensional models of nature of science (NOS) for semesters 1 to 7.

Semester
SR Skills NOS Beliefs

∆χ2 ∆df p ∆χ2 ∆df p

1 7.44 6 0.283 181.44 15 <0.001
3 a 161.61 15 <0.001
5 4.50 6 0.609 191.93 15 <0.001
7 10.11 6 0.120 142.83 15 <0.001

a The four-dimensional model did not converge in semester 3.



Educ. Sci. 2021, 11, 558 7 of 20

2.3.3. Analyses concerning the Development

We chose a linear mixed model approach (LMM: [62]) to test if time (i.e., semesters)
has a significant effect on preservice teachers’ SR skills and NOS beliefs; that is, if SR
skills and NOS beliefs develop over time. LMMs extend simple linear models by allowing
both fixed and random effects. These models show various advantages. First, unlike in a
repeated-measures analysis of variance, missing values can be easily handled (e.g., with
restricted maximum likelihood [REML] estimation). Second, LMMs enable us to take the
nested structure of our data (repeated observations nested in participants) into account.
Thus, we can control for unobserved, time-invariant differences between participants.
Third, LMMs allow us to control for specific autocorrelation structures, which can occur in
repeated measures.

All LMMs were computed separately for each subscale of NOS beliefs and for SR skills.
We fixed the correlations between time points to zero because previous checks revealed no
critical autocorrelation structure to be considered. In our models, we treated the semester
variable as a numeric fixed effect and the participants’ ID as a grouping variable for the
random effect, and we applied REML estimation. In addition to p-values, we computed the
variance that is explained by all fixed effects (i.e., marginal R2) and by fixed and random
effects (i.e., conditional R2) [63] because the trustworthiness of p-values provided for LMMs
is the object of ongoing statistical discussions [64].

Finally, we examined planned comparisons of time points to further examine between
which semesters significant mean changes for SR skills and NOS beliefs occur. First, we
contrasted semesters 1 and 7 for SR skills and each subscale of NOS beliefs. In a second step,
we compared consecutive semesters (i.e., semesters 1 vs. 3, 3 vs. 5, 5 vs. 7). p-values of the
multiple comparisons were Bonferroni–Holm adjusted. We additionally calculated effect
sizes (Cohen’s d) based on the t-statistics for every comparison [65]. These are generally
interpreted as small (d = 0.2), medium (d = 0.5), and large (d = 0.8; [66]).

We used R [57] with the “nlme” package for LMMs [67], the “MuMIn” package for
R2 values [68], the “emmeans” package for planned comparisons [69], and the “effectsize”
package for effect sizes d [70].

2.3.4. Analyses concerning the Mutual Relationship

We used a cross-lagged panel design with four waves (semesters 1, 3, 5, and 7) and
specified the respective path models to examine the interactions of SR skills and NOS
beliefs during teacher education. In the cross-lagged models, estimates of a later time
point from one construct can directly be regressed on values of the previous time point
from another construct (i.e., cross-lagged paths), and vice versa. Furthermore, we allowed
parallel time points to be correlated and autoregressive paths. We computed a single model
for each NOS subscale and its relationship with SR skills, including all four time points.
Cross-lagged models were computed in R [57] with the “lavaan” package [71].

3. Results
3.1. Development of Scientific Reasoning Skills

Based on the linear mixed model (LMM), the semester has a significant effect on
scientific reasoning values (B = 0.09, SE = 0.02, t(198) = 5.43, p < 0.001) with the marginal
R2

m = 0.05 and the conditional R2
c = 0.37 (see Appendix A Table A1, for detailed LMM results).

The direct comparison of semester 1 with semester 7 shows that the mean of semester 7
is significantly higher than the mean of semester 1 (Estimate = 0.54, SE = 0.11, t = 5.00,
p < 0.001, d = 0.36). Comparisons between sequential semesters yield no significant differ-
ences (Table 3; see Appendix A Table A2, for detailed comparison results).
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Table 3. Estimates (Est.), standard errors (SE), and effect sizes (d) for subsequent time point comparisons of scientific
reasoning and nature of science subscales.

Scale
1 vs. 7 1 vs. 3 3 vs. 5 5 vs. 7

Est. (SE) d Est. (SE) d Est. (SE) d Est. (SE) d

Scientific reasoning skills 0.54 *** (0.11) 0.36 0.15 (0.10) 0.11 0.23 (0.10) 0.16 0.16 (0.10) 0.11
Nature of science beliefs

Observations and inferenc. 0.17 * (0.07) 0.17 0.11 (0.06) 0.12 0.05 (0.06) 0.06 0.01 (0.06) 0.01
Tentativeness 0.26 *** (0.06) 0.28 0.05 (0.06) 0.06 0.05 (0.06) 0.06 0.16 * (0.06) 0.20
Scientific theories and laws 0.18 * (0.07) 0.17 0.07 (0.07) 0.08 0.06 (0.07) 0.06 0.04 (0.07) 0.05
Social and cultural embed. 0.34 *** (0.08) 0.29 0.19 * (0.08) 0.18 0.07 (0.08) 0.07 0.08 (0.07) 0.08
Creativity and imagination 0.14 (0.09) 0.11 0.22 * (0.08) 0.19 −0.10 (0.08) −0.09 0.03 (0.08) 0.02
Scientific methods 0.20 ** (0.06) 0.23 0.05 (0.06) 0.06 0.03 (0.06) 0.04 0.12 (0.06) 0.15

* p < 0.05, ** p < 0.01, *** p < 0.001.

3.2. Development of Nature of Science Beliefs

Based on the LMMs, the semester has a significant effect on the subscales observations
and inferences (B = 0.03, SE = 0.01, t(199) = 2.70, p = 0.008, R2

m = 0.01, R2
c = 0.59), tenta-

tiveness (B = 0.04, SE = 0.01, t(199) = 3.81, p < 0.001, R2
m = 0.02, R2

c = 0.58), scientific laws
and theories (B = 0.03, SE = 0.01, t(199) = 2.60, p = 0.010, R2

m = 0.01, R2
c = 0.44), social and

cultural embeddedness (B = 0.06, SE = 0.01, t(199) = 4.30, p < 0.001, R2
m = 0.03, R2

c = 0.53),
and scientific methods (B = 0.03, SE = 0.01, t(199) = 3.07, p = 0.002, R2

m = 0.01, R2
c = 0.42;

see Appendix A Tables A3–A8, for detailed LMM results).
When comparing semester 1 and semester 7, we found a significant increase for five

NOS subscales, that is, for observations and inferences (Estimate = 0.17, SE = 0.07, t = 2.44,
p = 0.011, d = 0.17), tentativeness (Estimate = 0.26, SE = 0.06, t = 4.00, p < 0.001, d = 0.28),
scientific laws and theories (Estimate = 0.17, SE = 0.07, t = 2.41, p = 0.016, d = 0.17), social and
cultural embeddedness (Estimate = 0.34, SE = 0.08, t = 4.12, p < 0.001, d = 0.29), and scientific
methods (Estimate = 0.20, SE = 0.06, t = 3.22, p = 0.001, d = 0.23). Sequential comparisons
show that no consistent significant change from semester to semester occurs (Table 3; see
Appendix A Tables A9–A14, for detailed comparison results).

3.3. The Mutual Relationship between SR Skills and NOS Beliefs

We found no significant cross-lagged paths between SR skills and the NOS subscales
observations and inferences (all Bs < |0.13|, all SEs < 0.16, all ps > 0.05), scientific theories
and laws (all Bs < |0.24|, all SEs < 0.17, all ps > 0.05), or creativity and imagination (all
Bs < |0.15|, all SEs < 0.15, all ps > 0.05). However, we found significant relations in the
other cross-lagged models, which are described in the following: A positive influence
was found of NOS beliefs subscale tentativeness at semester 1 on SR skills at semester
3 (B = 0.48, SE = 0.13, p < 0.001). Another positive influence was found for social and
cultural embeddedness beliefs at semester 5 on SR skills at semester 7 (B = 0.30, SE = 0.12,
p = 0.014). Additionally, SR skills at semester 3 negatively influence scientific methods
beliefs at semester 5 (B = −0.22, SE = 0.07, p = 0.002; see Figure 1).
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Error in Figure

In the original version of the paper [1], a regression weight was assigned to the wrong
cross-lagged path in Figure 1 (bottom). In the original version, the regression weight
(B = −0.22) was assigned to the cross-lagged path between scientific methods (MET) at
semester 3 and scientific reasoning (SR) skills at semester 5. In the correct version, the
regression weight (B = −0.22) is assigned to the cross-lagged path between SR skills at
semester 3 and MET at semester 5. A correct version of the figure can be taken from this
correction. This correction does not change the conclusions drawn in the article, as the text
portions of the manuscript correctly report the regression weights. Also, we would like to
apologize for any inconvenience this change may have caused.
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Figure 1. Unstandardized regression weights for (auto-)regression paths of cross-lagged models
computed for scientific reasoning and nature of science subscales; tentativeness, TEN; social and
cultural embeddedness, SCE; and scientific methods, MET; numbers in subscript refer to the respective
semester; * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 1. Unstandardized regression weights for (auto-)regression paths of cross-lagged models
computed for scientific reasoning and nature of science subscales; tentativeness, TEN; social and cul-
tural embeddedness, SCE; and scientific methods, MET; numbers in subscript refer to the respective
semester; * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Discussion

Science teachers’ SR skills and NOS beliefs are essential characteristics when teaching
science as inquiry [3–6]. To date, there are few longitudinal findings on either construct
that allow making statements about their development during teacher education (e.g., SR
skills: [31]). Thus, previous research left a gap concerning the development of individual
preservice teachers over more extended periods of university teacher education [13]. Our
study aimed to close this gap by taking a longitudinal approach to the development
of preservice biology teachers’ SR skills and NOS beliefs throughout university teacher
education, and their mutual relationship during development. In line with evidence from
cross-sectional studies, we assumed that both preservice teachers’ SR skills (e.g., [12]), and
NOS beliefs (e.g., [61]; cf. [62]), improve throughout teacher education at the university.
Furthermore, we assumed a positive relationship between SR skills and NOS beliefs.
However, we did not assume any direction in their relationship because previous findings
were based on cross-sectional studies [14,16].

First, our results indicate that both preservice teachers’ SR skills and NOS beliefs
improved over the semesters of teacher education at university. The linear mixed models
(LMM) revealed a positive impact of the semester variable on preservice teachers’ SR
skills, and on five of six NOS subscales, that is, observations and inferences, tentativeness,
scientific theory and laws, social and cultural embeddedness, and scientific methods,
but not creativity and imagination. Thus, our longitudinal study provides evidence that
both develop throughout teacher education. When we account for the semesters in the
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LMMs, they explain at least a slight variance (SR skills: 5% variance explained; NOS
beliefs: 1–3% variance explained). We argue that the amount of explained variance appears
plausible with regard to cross-sectional findings from other research. Our results support
a previous study that found a comparable amount of variance of preservice teachers’
NOS beliefs explained by semesters (i.e., 4%; [11]). Although our results indicate that
preservice teachers’ development of SR skills and NOS beliefs depends to some degree on
their attendance of consecutive semesters, numerous other factors besides the semester
remain unexplored. In this regard, the relatively high conditional R2 values refer to a large
amount of variance explained by time-invariant differences between participants, that is,
differences that do not change over the considered period. These differences could be, for
example, individual prerequisites such as a previously acquired degree (for SR skills: [35])
or the respective subject area of preservice teachers (for SR skills: [12]; for NOS beliefs: [51]).

Second, we explored when preservice teachers’ SR skills and NOS beliefs develop
throughout university teacher education by planned comparisons between the semesters 1
and 7 or 1 and 3, 3 and 5, and 5 and 7. For comparing semesters 1 and 7, we found that
both SR skills and five of six aspects of NOS beliefs show a small to moderate increase in
our study. Our results extend previous results from cross-sectional SR research [12,46] by
using a longitudinal approach showing that preservice teachers’ SR skills increase during
semesters 1 to 7. The magnitude of this increase is comparable—at least at a descriptive
level—to that in longitudinal data of semesters 1 to 7 from a previous study [31]. Although
our results strengthen cross-sectional findings of the general development of NOS beliefs
during teacher education (e.g., [11,52]; cf. [50,53]), most NOS beliefs’ means at semester
7 still range between 3 (uncertain) and 4 (largely applies) on the Likert scale. The mean
of the NOS subscale scientific theories and laws even remains below 3 throughout its
development. Thus, we cannot assume that preservice teachers’ development leads to
informed views of NOS at the sample level [42,43,72].

Our more detailed analyses of the in-between semesters (1 vs. 3, 3 vs. 5, and 5 vs. 7),
however, show that preservice teachers’ SR skills and NOS beliefs developed in differing
trajectories that are inconsistent in three ways: (1) they do not significantly improve during
the in-between semesters, that is, for preservice teachers’ SR skills and NOS beliefs about
observations and inferences, scientific theories and laws, and scientific methods, only
the comparison between semester 1 and 7 is significant; (2) some NOS beliefs do not
steadily improve, such as tentativeness and social and cultural embeddedness, but show
a significant increase with a small effect size (d > 0.19) only between two of the four
consecutive semesters; (3) a slight decrease follows after initial positive development of
NOS beliefs about creativity and imagination. These results suggest that the development
does not just happen incidentally but that something must happen during teacher education
that triggers this inconsistent picture of different trajectories. In principle, other studies
also found that—at least for NOS beliefs—a decrease throughout teacher education is
also possible [53]. Previous research highlighted that not all NOS aspects are equally
changeable [13,52], which matches our result that only five aspects develop throughout
teacher education. Our results complement prior research that showed that creativity
and imagination, for example, are more likely to change [52], in that our results show
that this belief changes mainly in the first few semesters and subsequently stagnates.
Therefore, we assume that, in addition to the complexity of some NOS aspects [13] and
individual differences among preservice teachers [50], learning opportunities in each
semester should also be considered [11,12]. We assume that the uneven development of
preservice teachers’ SR skills and NOS beliefs depends on university teacher education’s
different learning opportunities. Previous research supports our assumption by indicating
that learning opportunities are not equally distributed across teacher education at the
university regarding pedagogical knowledge [73] and content knowledge, such as SR
skills and NOS beliefs [11,12]. Thus, preservice teachers’ SR skills and NOS beliefs are
more likely to develop through multiple, interacting learning opportunities than through
linearly cumulative learning opportunities (see [50], for a similar account). To further
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understand the inconsistent picture, studies addressing learning opportunities during
teacher education may help. A cross-sectional study found that the number of NOS-related
learning opportunities is positively related to preservice biology teachers’ NOS beliefs [11].
Both SR skills [12,74] and NOS beliefs [50–52] benefit from explicit and reflective learning
opportunities. Accordingly, to further understand our results (e.g., why there are phases
during the course of study that are more important for the development of SR skills
and NOS beliefs compared to others), a closer examination of the number of learning
opportunities, their distribution throughout teacher education, and their type (i.e., implicit
vs. explicit) would have been helpful.

Third, we explored the mutual relationship between preservice teachers’ SR skills and
NOS beliefs during their development. We found that preservice teachers’ NOS beliefs
about tentativeness and social and cultural embeddedness positively influenced their SR
skills: Less naïve NOS beliefs about tentativeness in semester 1 led to more profound SR
skills in semester 3. Furthermore, less naïve NOS beliefs about the social and cultural
embeddedness in semester 5 led to more profound SR skills in semester 7. Our longitudinal
results align with previous research that established a positive correlation between NOS
beliefs and SR skills in cross-sectional studies [14,16]. Furthermore, a mutual relationship
between the SR skills and NOS beliefs appears plausible because both constructs refer to
knowledge of scientific inquiry (knowing how and knowing why; [15]), and they can be
improved through similar instructional approaches [47,55]. However, our longitudinal
results also extend previous findings because our results revealed a much more incon-
sistent relationship that was limited to only some NOS beliefs and not stable across all
semesters. The ScieNo-framework [14] may help to understand the inconsistent picture:
skills for specific inquiry methods (such as conducting investigations and using models; i.e.,
dimensions of SR: [31]) are related to specific beliefs that are conceptually close (e.g., skills
for observations and beliefs about the role of theory in observations). Therefore, we suggest
that not all NOS beliefs are equally related to the SR skills of conducting investigations. In
particular, NOS beliefs about tentativeness and the social and cultural embeddedness are
challenging to grasp for preservice teachers [13,52], so that more adequate beliefs may have
enhanced their SR skills in the following semesters. Other NOS beliefs that may be learned
more easily probably do not positively influence SR skills. Future research should test our
assumption that those NOS beliefs, in particular, that are more difficult to learn positively
influence SR skills. Although we could separate six different NOS beliefs, we cannot
relate them at this level of detail to different subskills of SR (e.g., formulating hypotheses)
because we could not empirically separate the subscales for the SR skills. Furthermore, we
used a short questionnaire that comprised 12 items of the dimension conducting scientific
investigations from the whole item set that also includes the dimension of using models
(see [31], for an overview). Thus, we suggest further research exploring the mutual rela-
tionship between different dimensions of SR skills, that is, for observing, experimenting,
and modeling, and NOS beliefs in longitudinal studies.

Interestingly, we also found that preservice teachers’ SR skills at semester 3 negatively
influence their NOS beliefs about scientific methods at semester 5. Preservice teachers
with more profound SR skills later had more naïve beliefs about scientific methods. We
suspect that this negative effect may be related to a distortion in their beliefs about scientific
methods when preservice teachers learn about methods of scientific inquiry in university
teacher education. If a preservice teacher masters one inquiry method, such as how
to conduct proper investigations, particularly well, this may lead to the idealistic (not
appropriate) belief that this method is superior to the others. Our conjecture is in line with
previous findings that show how naïve NOS beliefs develop with increasing study progress
or Ph.D. degrees [53]. The authors explain this with the assumptions of Kuhn [75], who
pointed out that during active engagement in research, the epistemological foundation
fades into the background.

Furthermore, in university teacher education, science education courses have been
shown to emphasize investigations, and particularly experiments, as teaching methods
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that may promote preservice teachers’ beliefs that there is only one scientific method [76].
Another explanation may be that limiting our SR questionnaire on the SR dimension of
conducting investigations for test-economic reasons (see also [30]) may have led to a one-
sided focus among the preservice biology teachers. Asking them only about conducting
valid investigations probably made them believe that this was the only scientific method
when they filled out the questionnaire on NOS beliefs. For future studies, we would
recommend investigating such interactions between questionnaires on SR skills and NOS
beliefs, and reflecting a greater variety of methods in the questionnaire on SR skills.

4.1. Strengths, Limitations, and Future Research

To the best of our knowledge, this study is the first to investigate the development
of both preservice teachers’ SR skills and NOS beliefs and their mutual relationship in
a longitudinal design. More precisely, our study makes an essential contribution to the
understanding of their development by using a longitudinal data set from 25 universities
with adequate sample sizes and established instruments. Nevertheless, some limitations of
this study should be discussed.

We used established and validated instruments for the assessment of both the SR
skills and NOS beliefs (Ko-WADiS instrument: [31]; SUSSI instrument: [42]). Nevertheless,
the reliabilities are partly in an unsatisfactory range in that they might have hindered us
from detecting more substantial changes by the longitudinal design [50]. In comparison
to previous research, the reliabilities determined in the current study are in the range of
the typical values for the SUSSI, except for the subscale theories and laws (i.e., Cronbach’s
α = 0.44–0.89: [42]; α = 0.16–0.86: [77]) and for the Ko-WADiS instrument (i.e., EAP/PV
reliability is: 0.54: [12]; 0.55: [34]).

The current study was designed to examine data from preservice teachers in semesters
1 to 11. Because the sample sizes were too small for semesters 9 and 11, these data had
to be excluded from our analyses. Thus, we can only make statements for the bachelor’s
program that precedes the master’s program in teacher education. We suggest for future
research to examine the development of preservice teachers’ SR skills and NOS beliefs
during the master’s program, because previous research suggests that the explicit learning
opportunities that are particularly effective for both SR skills and NOS beliefs tend to occur
in the latter part of teacher education [12].

The ScieNo-framework [14] helped us understand the mutual relationship between
SR skills and NOS beliefs because it aligns the dimensions of SR skills, such as observing,
experimenting, and modeling, with specific NOS beliefs. Unfortunately, we only used the
12 item short version of the Ko-WADiS instrument on the SR dimension when conducting
investigations [78]. The full range of items includes another three SR skills of using
models [31], so that the SR and NOS scales may be related to each other in a planned
manner. In addition to test-economic reasons that led to the use of only one subscale
for SR skills, it should be mentioned that the theoretical framework [14] was published
after the current study was conducted between 2014 and 2017. However, our results
highlight the mutual relationship between SR skills and the NOS beliefs about tentativeness,
social and cultural embeddedness, and scientific methods. These mutual relationships
are worth further investigation with more closely aligned instruments that are based on
the ScieNo-framework.

4.2. Implications

Our results lead to implications, both for further research and for teacher education at
university. They show that SR skills and multiple aspects of NOS beliefs develop differently;
that is, some are easier to learn than others (e.g., [13]). The longitudinal study approach also
suggests that preservice teachers’ development of SR skills and NOS beliefs take different
trajectories throughout teacher education, that is, the time point of development differs. As
a next step, it would be essential to understand why SR skills and NOS beliefs take different
trajectories during university teacher education. For this, the consideration of learning
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opportunities is essential. Different studies suggest that explicit learning opportunities
(i.e., learning opportunities that provide the opportunity for reflection) are particularly
effective for developing SR skills and NOS beliefs; development of SR skills and NOS
beliefs does not happen on the side. Accordingly, not only is the number of learning
opportunities essential, but also their focus (implicit vs. explicit). In order to consider this,
one could either refer to module manuals of teacher education or ask preservice teachers
to report on the learning opportunities they had between two measurement points. The
latter approach appears more promising because it provides information not only about
the intended curriculum, but also about the implemented curriculum, that is, what actually
took place [79]. We know from previous research that learning opportunities to explicitly
reflect on scientific inquiry appear mainly in the master’s program of German teacher
education at the university [12]. Accordingly, it would be necessary to have an appropriate
sample that covers both participants in the bachelor’s program and the master’s program.

Our results on the relationship between SR skills and NOS beliefs show an inconsistent
picture in that there is no mutual relationship between all aspects of NOS beliefs and SR
skills. To learn more about their mutual relationship, the ScieNo-framework [14] can be
consulted to derive and further investigate hypotheses regarding the relationship between
specific aspects of NOS beliefs and SR skills; for example, SR skills for observations are
related to views about the role of theory in observations. A longitudinal approach—as
in this study—would offer two advantages. First, it subjects the framework to empirical
testing in a longitudinal perspective. Second, it would allow us to examine the extent to
which learning opportunities for SR skills are also conductive to NOS beliefs, and vice
versa. However, careful planning is necessary for such an investigation. For example,
when selecting the instruments, it must be ensured that the constructs can be combined at
an appropriate level of detail.

Our results also provide suggestions for improving teacher education. Our results on
the different trajectories of preservice teachers’ SR skills and NOS beliefs are significant
in this regard. Our results make clear that preservice teachers’ SR skills and NOS beliefs
do not simply co-evolve but that their mutual relationship is much more complex across
teacher education at university. The positive influence of specific aspects of preservice
teachers’ NOS beliefs on their SR skills depends on how difficult certain NOS aspects
are to learn and when they develop due to learning opportunities in teacher education.
Accordingly, a blanket consideration in teacher education is not expedient because inquiry-
based learning does not automatically lead to the development of SR skills and NOS beliefs.
Instead, learning opportunities must be created that explicitly relate the corresponding SR
skills and NOS beliefs to each other (ScieNo-framework; [14]) and ideally provide space
for reflection on this interplay.

Furthermore, we found that the more profound SR skills preservice teachers had in
semester 3, the less informed were their NOS beliefs about scientific methods in semester 5.
We suggest that this might stem from the negative impact of a bias concerning a single
scientific method. It is possible that a strong focus on conducting scientific inquiry in
undergraduate studies (i.e., doing science: [80]; e.g., [12]), and in our test, leads preservice
teachers to idealistic but inadequate beliefs about methods in scientific research. Thus,
teacher education should reflect the broad repertoire of methods in scientific research and
provide opportunities for reflection on the use of those methods.

5. Conclusions

We investigated the development of SR skills and NOS beliefs—two characteristics
of effective science teachers—and their mutual relationship during the undergraduate
studies of teacher education at university. Our results add to previous research by taking
a longitudinal approach to show how SR skills and NOS beliefs develop throughout
teacher education. We present evidence for differing trajectories in the development
of SR skills and multiple aspects of NOS beliefs that hints at the importance of further
investigation of the learning opportunities. The present findings do not yet account for
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learning opportunities in university teacher education, so it would be interesting to see
whether the trajectories vary in university teacher education of other countries. If patterns
emerge in the country comparison, the different learning opportunities leading to these
trajectories can be examined in more detail. Furthermore, we present evidence that the
mutual relationship between SR skills and NOS beliefs is stronger for specific aspects
of preservice teachers’ NOS beliefs and specific time points in their development. Thus,
during teacher education at university, preservice teachers’ SR skills and NOS beliefs are
intertwined in their development, but further research is needed to truly understand their
interplay and dependence on learning opportunities.
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Appendix A

Table A1. Outcomes of the linear mixed model and effect sizes (marginal R2
m for fixed effects,

conditional R2
c for fixed and random effects) for scientific reasoning with semester as a fixed effect

and participants as a random effect.

Random Effects Variance SD

Participant (Intercept) 0.26 0.51
Residual 0.50 0.71

Fixed Effects B SE df t p

Intercept 0.00 0.07 293 −0.07 0.943
Semester 0.09 0.02 198 5.43 <0.001

Effect Size R2
m R2

c

Semester 0.05 0.37

Table A2. Estimates, standard errors (SE), t-values, p-values, and effect sizes (d) for planned compar-
isons of scientific reasoning.

Parameter 1 vs. 7 1 vs. 3 3 vs. 5 5 vs. 7

Estimate 0.54 0.15 0.23 0.16
SE 0.11 0.10 0.10 0.10
t 5.00 1.50 2.30 1.57
p <0.001 0.235 0.067 0.235
d [95% CI] 0.36 [0.21, 0.50] 0.11 [−0.03. 0.25] 0.16 [0.02, 0.31] 0.11 [−0.03, 0.35]
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Table A3. Outcomes of the linear mixed model and effect sizes (marginal R2
m for fixed effects,

conditional R2
c for fixed and random effects) for observations and inferences with semester as a fixed

effect and participants as a random effect.

Random Effects Variance SD

Participant (Intercept) 0.25 0.50
Residual 0.18 0.43

Fixed Effects B SE df t p

Intercept 3.61 0.05 295 75.68 <0.001
Semester 0.03 0.01 199 2.70 0.008

Effect Size R2
m R2

c

Semester 0.01 0.59

Table A4. Outcomes of the linear mixed model and effect sizes (marginal R2
m for fixed effects,

conditional R2
c for fixed and random effects) for tentativeness with semester as a fixed effect and

participants as a random effect.

Random Effects Variance SD

Participant (Intercept) 0.20 0.45
Residual 0.15 0.39

Fixed Effects B SE df t p

Intercept 3.82 0.04 294 88.59 <0.001
Semester 0.04 0.01 199 3.81 <0.001

Effect Size R2
m R2

c

Semester 0.02 0.58

Table A5. Outcomes of the linear mixed model and effect sizes (marginal R2
m for fixed effects,

conditional R2
c for fixed and random effects) for scientific theories and laws with semester as a fixed

effect and participants as a random effect.

Random Effects Variance SD

Participant (Intercept) 0.17 0.41
Residual 0.22 0.46

Fixed Effects B SE df t p

Intercept 2.67 0.05 294 58.24 <0.001
Semester 0.03 0.01 199 2.60 0.010

Effect Size R2
m R2

c

Semester 0.01 0.44

Table A6. Outcomes of the linear mixed model and effect sizes (marginal R2
m for fixed effects,

conditional R2
c for fixed and random effects) for social and cultural embeddedness with semester as a

fixed effect and participants as a random effect.

Random Effects Variance SD

Participant (Intercept) 0.29 0.53
Residual 0.27 0.51

Fixed Effects B SE df t p

Intercept 3.48 0.05 294 63.80 <0.001
Semester 0.06 0.01 199 4.30 <0.001

Effect Size R2
m R2

c

Semester 0.03 0.53
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Table A7. Outcomes of the linear mixed model and effect sizes (marginal R2
m for fixed effects,

conditional R2
c for fixed and random effects) for creativity and imagination with semester as a fixed

effect and participants as a random effect.

Random Effects Variance SD

Participant (Intercept) 0.21 0.46
Residual 0.33 0.57

Fixed Effects B SE df t p

Intercept 3.30 0.05 294 60.34 <0.001
Semester 0.02 0.01 199 1.40 0.164

Effect Size R2
m R2

c

Semester 0.00 0.40

Table A8. Outcomes of the linear mixed model and effect sizes (marginal R2
m for fixed effects,

conditional R2
c for fixed and random effects) for scientific methods with semester as a fixed effect and

participants as a random effect.

Random Effects Variance SD

Participant (Intercept) 0.11 0.33
Residual 0.16 0.40

Fixed Effects B SE df t p

Intercept 3.66 0.04 294 95.05 <0.001
Semester 0.03 0.01 199 3.07 0.002

Effect Size R2
m R2

c

Semester 0.02 0.42

Table A9. Estimates, standard errors, t-values, p-values, and effect sizes (d) for planned comparisons
of observations and inferences.

Parameter 1 vs. 7 1 vs. 3 3 vs. 5 5 vs. 7

Estimate 0.17 0.11 0.05 0.01
SE 0.07 0.06 0.06 0.06
t 2.44 1.71 0.85 0.15
p 0.015 0.269 0.796 0.877
d [95% CI] 0.17 [0.03, 0.31] 0.12 [−0.02, 0.26] 0.06 [−0.08, 0.20] 0.01 [−0.13, 0.15]

Table A10. Estimates, standard errors, t-values, p-values, and effect sizes (d) for planned comparisons
of tentativeness.

Parameter 1 vs. 7 1 vs. 3 3 vs. 5 5 vs. 7

Estimate 0.26 0.05 0.05 0.16
SE 0.06 0.06 0.06 0.06
t 4.00 0.81 0.86 2.76
p <0.001 0.779 0.779 0.019
d [95% CI] 0.28 [0.14, 0.43] 0.06 [−0.08, 0.20] 0.06 [−0.08, 0.20] 0.20 [0.06, 0.34]
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Table A11. Estimates, standard errors, t-values, p-values, and effect sizes (d) for planned comparisons
of scientific theories and laws.

Parameter 1 vs. 7 1 vs. 3 3 vs. 5 5 vs. 7

Estimate 0.18 0.07 0.06 0.04
SE 0.07 0.07 0.07 0.07
t 2.41 1.06 0.90 0.65
p 0.017 0.873 0.873 0.873
d [95% CI] 0.17 [0.03, 0.31] 0.08 [−0.06, 0.22] 0.06 [−0.08, 0.20] 0.05 [−0.09, 0.19]

Table A12. Estimates, standard errors, t-values, p-values, and effect sizes (d) for planned comparisons
of social and cultural embeddedness.

Parameter 1 vs. 7 1 vs. 3 3 vs. 5 5 vs. 7

Estimate 0.34 0.19 0.07 0.08
SE 0.08 0.08 0.08 0.07
t 4.11 2.53 0.92 1.07
p <0.001 0.037 0.571 0.571
d [95% CI] 0.29 [0.15, 0.43] 0.18 [0.04, 0.32] 0.07 [−0.07, 0.21] 0.08 [−0.06, 0.22]

Table A13. Estimates, standard errors, t-values, p-values, and effect sizes (d) for planned comparisons
of creativity and imagination.

Parameter 1 vs. 7 1 vs. 3 3 vs. 5 5 vs. 7

Estimate 0.14 0.22 −0.10 0.03
SE 0.09 0.08 0.08 0.08
t 1.60 2.68 −1.27 0.31
p 0.112 0.024 0.412 0.755
d [95% CI] 0.11 [−0.03, 0.25] 0.19 [0.05, 0.33] −0.09 [−0.23, 0.05] 0.02 [−0.12, 0.16]

Table A14. Estimates, standard errors, t-values, p-values, and effect sizes (d) for planned comparisons
of scientific methods.

Parameter 1 vs. 7 1 vs. 3 3 vs. 5 5 vs. 7

Estimate 0.20 0.05 0.03 0.12
SE 0.06 0.06 0.06 0.06
t 3.22 0.81 0.52 2.16
p 0.002 0.842 0.842 0.096
d [95% CI] 0.23 [0.09, 0.37] 0.06 [−0.08, 0.20] 0.04 [−0.10, 0.18] 0.15 [0.01, 0.29]
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