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This study used a quasirandomized within-classroom design to investigate whether prior knowledge about
physics gained in elementary school prepares students for future learning in related content areas in second-
ary school. A total of 433 children (intervention group) received four basic curriculum units on physics from
their elementary school teachers. The units dealt with floating and sinking, air and atmospheric pressure, the
stability of bridges, and sound and the spreading of sound. These children entered 60 newly composed clas-
ses in early secondary school that completed an advanced curriculum unit on hydrostatic pressure and buoy-
ancy force with their secondary school teachers. A total of 942 students (control group) in these classes had
not received the four basic physics curriculum units. On a conceptual knowledge test about hydrostatic pres-
sure and buoyancy force, the intervention group outperformed the control group in the pretest (d = 0.28) and
in the posttest (d = 0.25). Students in the intervention group showed similar learning gains as those in the
control group, but when controlling for pretest performance, they achieved higher learning outcomes.
Regression analyses within the intervention group revealed that this advantage resulted from the content-
specific transfer of conceptual knowledge from topically related basic curriculum units. The basic physics
instruction also prepared male and female students equally for future learning.

Educational Impact and Implications Statement
Our study shows that students who have received early physics instruction in elementary school benefit
slightly more from later, more advanced physics instruction in secondary school. This finding provides
first evidence that the idea of a spiral curriculum, in which learners first build basic knowledge that is
later on expanded in more demanding instruction, can work, although it is yet to be further examined
how this process can be optimized in school instruction.

Keywords: physics education, spiral curriculum, knowledge transfer, science learning, quasirandomized

within-classroom design

Physics is one of the most challenging and unpopular subjects in
high school for many otherwise capable learners (Hofer et al., 2018;
Moller et al., 2006). Educational researchers agree that a main barrier
to understanding scientific concepts and explanations in physics
classes is learners’ personal alternative conceptual frameworks
about the functioning of the physical world. These naive concepts
(sometimes labeled misconceptions or intuitive conceptions) are
derived and often overgeneralized from everyday experiences, and
they conflict with scientific explanations (e.g., Carey, 2000). For

example, an appropriate understanding of the concept of density is
impeded by children’s belief that all light objects float in water
while heavy objects sink. Likewise, the understanding of buoyancy
force is hampered by children’s belief that a ship made of steel floats
because the air in the ship’s body pulls it upward (Hardy et al.,
2006). Many naive concepts on matter, force, hydrostatic pressure,
and other basic topics persist until university and beyond, although
students study scientific explanations in physics classes (Loverude
et al., 2010; Mazur, 2015; Tobin et al., 2023).
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In this article, we present the results of a longitudinal field trial in
which we investigated whether early physics education in elementary
school facilitates the understanding of related but more advanced
physics concepts years later in secondary school. The implementation
of such a study involves methodological challenges, but it also pro-
vides the opportunity for theoretical considerations that contribute
to a better understanding of learning and knowledge transfer at school.
Moreover, because the study was conducted with a large number of
regular in-service teachers, it provides information about whether
and why implementing early physics education may be worthwhile.
To this end, we prepared learners to learn in secondary school about
hydrostatic pressure, a topic for which the persistence of naive concep-
tions has been shown (Loverude et al., 2010).

Physics educators and many teachers widely agree that the challenge
of effective physics teaching is to productively use learners’ prior knowl-
edge and help them reconcile it with scientific ideas, a process often
labeled conceptual change (diSessa & Minstrell, 1998; Hammer &
Elby, 2003; Hofer et al., 2018; Vosniadou, 2019). In recent decades, var-
ious theoretical models and approaches for initiating and supporting this
process of knowledge reconstruction have been developed (for an over-
view, see Potvin et al., 2020). Traditional approaches to conceptual
change rely on sudden corrections initiated by a cognitive conflict that
demonstrates the shortcomings of students’ knowledge (Posner et al.,
1982). Alternatively, more recent approaches emphasize the importance
of providing sufficient time for revising knowledge and integrating
unconnected pieces of knowledge into a coherent conceptual network.
For example, Vosniadou (2019) emphasizes the importance of interme-
diate steps of learning that must be accompanied by an understanding
that ideas and explanations should be continuously checked for their
agreement with facts. This process can be initiated in elementary school
by introducing science as a method of inquiry (Shtulman & Walker,
2020). There is also growing evidence that contradictory and incompat-
ible scientific conceptions may actually coexist in a learners’ minds, even
if the scientifically correct one prevails (Potvin & Cyr, 2017; Shtulman
& Harrington, 2016). Early exposure to fundamental science concepts
may help children to question intuitive frameworks that may later inter-
fere with learning scientific theories (Shtulman & Walker, 2020).

Hardy et al. (2006) showed that many third graders who had com-
pleted teacher-guided inquiry-based teaching units in physics no
longer expressed misconceptions about floating and sinking objects
in water (e.g., the air in the ship pulls it upward) and retained appro-
priate conceptual understanding 1 year later (e.g., the water pushes
the ship upward). These effects can also be achieved by regular ele-
mentary school teachers who are trained to implement teaching units
in basic physics (Edelsbrunner et al., 2018; Schalk et al., 2019).
These studies indicate that early physics instruction may be valuable
to prevent the consolidation of intuitive conceptual frameworks and
prepare students for more advanced instruction.

A further argument for an earlier start of physics instruction concerns
the gender gap, which is particularly prevalent in physics. While scien-
tific concepts in physics are difficult for everyone to understand, numer-
ous studies worldwide have found that female students struggle more
than their male peers (van den Hurk et al., 2019). For example, otherwise
competent female students at the high school level are more likely to end
up as underachievers in physics than male students (Hofer & Stern,
2016). There are various reasons for the gender gap in science, technol-
ogy, engineering & mathematics (STEM) areas (Ceci et al., 2009), and
its mitigation requires a variety of approaches. One approach is to start
physics classes in elementary school because many studies indicate
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that the gender gap in academic preferences solidifies in early secondary
school (Ceci et al., 2009; Legewie & DiPrete, 2012). If girls in elemen-
tary school already experience competence in explaining and predicting
phenomena of the physical world, they may be less likely to regard phys-
ics as a “male” subject that is not for them (see, e.g., Steegh et al., 2019).
Opverall, starting physics instruction early may allow a gradual develop-
ment of conceptual understanding and reduce the gender gap.

Preparation for Future Learning by Implementing Spiral
Curricula

The effort required to succeed in academic learning contrasts with
the ease of acquisition of many other skills that are supported by innate
learning systems (Stern, 2017). Reading and writing, mathematics,
and the natural sciences are recently developed cultural achievements
that are possible because of the flexibility of the human mind to reuti-
lize and recycle innate learning systems in completely new ways
(Dehaene, 2011). To maintain such cultural achievements (and further
develop them; see, e.g., Tomasello, 2009), every generation must
undergo time-consuming learning processes in which school curricula
that build upon one another often play an important role. Mastering
academic skills such as reading, writing, and mathematics can be facil-
itated through early educational programs starting in kindergarten.
Promoting precursor skills of reading and writing (e.g., phonological
awareness, Schneider et al., 1997) or mathematics (e.g., focusing on
numerosity; Hannula-Sormunen et al., 2020) facilitates learning in
elementary school because children have the opportunity to build
knowledge and skills that form the basis for more complex future
learning. The more precisely early training is tailored to the competen-
cies to be acquired later, the greater the benefits. For instance, in a ran-
domized intervention study, Siegler and Ramani (2008) showed that
playing linear, but not circular, board games helped students to acquire
the concept of a number line and use it for arithmetic understanding.
These examples demonstrate that the learning of more advanced con-
cepts and skills builds on more basic but essential concepts and skills.

The early content-sensitive preparation for more advanced sci-
ence learning was expressed in Bruner’s (1960) idea of a spiral cur-
riculum. Content must be structured such that complex concepts can
be understood at a simplified level first and then subsequently revis-
ited at more complex levels. By revisiting, expanding, and refining
previously learned concepts, children may achieve a more complete
understanding of concepts and how they relate to one another (see,
e.g., Chi & VanLehn, 2012; M. Schwartz, 2009) so that they make
productive use of their acquired knowledge (De Corte, 2003).
Following the idea of a spiral curriculum, implementing early science
curricula in elementary school is considered a worthwhile approach to
address naive conceptions so that they do not hamper the acquisition
of more advanced topics.

The benefit of implementing physics education in elementary school
may go beyond limiting the damage caused by solidified misconcep-
tions. Early guided inquiry-based curricula (for an overview, see
Lazonder & Harmsen, 2016) may help children build simplified pre-
concepts that are nonetheless compatible and that prepare them for sci-
entific concepts and theories. Learners may use these preconceptions
when confronted with related content areas in more advanced physics
classes. For instance, the understanding of the physical concept of
density could be prepared in elementary school by teaching students
that different materials of the same size can have different weights
and, vice versa, that different materials of different sizes can have
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the same weight (Edelsbrunner et al., 2018). Once acquired, such pre-
conceptions can be refined in later physics classes when students learn
the Archimedean principle.

Although the concept of the spiral curriculum is intuitively plausi-
ble and fully compatible with theories on cognitive development and
learning (Demetriou & Spanoudis, 2018; Ireland & Mouthaan, 2020;
M. Schwartz, 2009), thoroughly testing its potential benefits is a com-
plex and costly endeavor that has rarely been undertaken in a scien-
tifically sound manner. Indirect evidence for the usefulness of
spiral curricula comes from studies demonstrating the impact of
prior knowledge on the explanation of achievement differences
in a domain, which remains after controlling for general intelli-
gence (Simonsmeier et al., 2022; Tricot & Sweller, 2014). This
impact of prior knowledge has been confirmed in adult samples in
studies on expertise in various domains (Charness, 1991; Schneider
et al., 1989), in longitudinal studies across childhood (Schalk et
al., 2019; Shing & Brod, 2016; Staub & Stern, 2002), and in long-
term effects of intervention studies (Hannula-Sormunen et al., 2020;
Hardy et al., 2006; Schneider et al., 1997). However, the results are
less clear when learning gains are used as outcome measures instead
of test scores. Meta-analytic evidence by Simonsmeier et al. (2022)
indicates that learners do not generally gain more knowledge with
higher prior knowledge. Brod (2021) discusses why and when prior
knowledge may support future learning by emphasizing three impor-
tant aspects. First, prior knowledge can only be beneficial for future
learning if it is activated when learners are confronted with new infor-
mation. Second, the activated prior knowledge must be relevant for
(i.e., have a nonarbitrary association with) the content to be learned
to avoid misleading students or detracting attention. Finally, prior
knowledge can be expected to be particularly helpful if it is congruent
(i.e., in agreement) with the new knowledge to be acquired.

The “preparation for future learning” paradigm introduced by
Bransford and Schwartz (1999) emphasizes the importance of trans-
fer and conceptual change processes in a broad sense since educators

are hopeful that students will show evidence of transfer in a variety of
situations: from one problem to another within a course, from one course
to another, from one school year to the next, and from their years in
school to their years in the workplace (p. 61).

Furthermore, “[f]uture learning frequently requires ‘letting go’ of
previous ideas, beliefs, and assumptions. Effective learners resist
‘easy interpretations’ by simply assimilating new information into
their existing schemas; they critically evaluate new information and
change their views (accommodate) when necessary” (p. 93). For
the usefulness of this paradigm, it is not even crucial that learning
in the first step was successful (e.g., D. Schwartz et al., 2005).
However, it is of utmost importance that the opportunity for early
learning creates awareness of the content challenges and the effort
required to overcome them—as this may prepare for future learning.

Relevant and congruent prior knowledge may vary in its format.
One type of relevant prior knowledge could be that learners draw
on automated procedures or chunks of information when processing
new learning material. This activation would free working memory
resources that can be invested in encoding and thinking about new
information. Another type of relevant and congruent prior knowledge
is subject-specific strategies that are applicable to a broad variety of
content within a domain. For example, monitoring strategies in math-
ematical problem solving (Mevarech & Fridkin, 2006) or the evalu-
ation of evidence with the help of the control-of-variables strategy in
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science (Edelsbrunner et al., 2022; Schalk et al., 2019) are broadly
applicable strategies. The kind of overlapping knowledge we focus
on in the present study concerns conceptual knowledge, specifically,
the consecutive construction and refinement of concepts. We investi-
gate whether early-acquired basic physics concepts that are compat-
ible with scientific explanations but are age-appropriately
simplified prepare students for and support future physics concept
learning. This preparation and support may result from extending,
restructuring, generalizing, or abstracting from the existing basic con-
cepts when students are faced with more advanced concepts and
explanations. Demonstrating this type of consecutive concept con-
struction as a consequence of revisiting related content would provide
direct evidence for the effectiveness of organizing learning opportu-
nities according to the idea of a spiral curriculum. However, is it real-
istic to expect that students will remember what they learned years
ago and be able to recognize similarities between content taught by
different teachers? From what is empirically known about knowledge
transfer, there is no reason for high expectations.

Making Knowledge Usable for Transfer

Although prior knowledge is necessary for future learning, it is not
sufficient. Various circumstances may stand in the way of activating
the appropriate knowledge and transferring it to new contexts. While
the transferability of knowledge is the prime goal of schooling, psycho-
logical research has repeatedly shown that transfer across contexts and
over time is hard to achieve (Barnett & Ceci, 2002; Detterman &
Sternberg, 1993; Lobato & Hohensee, 2021). Numerous studies indi-
cate that learners rarely transfer what they have learned across different
problems. While experts in a field seem to have a “vaster amount of
small memory structures, in addition to high-level structures or holistic
processing” (Sala & Gobet, 2017, p. 183), such as recognizing isomor-
phic conceptual structures of superficially dissimilar problems and sce-
narios, novices in a field (such as students) typically fail to see such
deep isomorphisms (Chi & VanLehn, 2012; Goldstone & Day,
2012; Gray & Holyoak, 2021). Consequently, whereas transfer of
knowledge to solve problems of similar kind and within shorter time
lags is frequently observed, transfer of knowledge to solve problems
with different surface features and over longer periods of time is a
rarely observed performance.

Researchers have realized for some time that they were looking for
transfer in short-term experimental studies, a setting in which it is
rather unlikely to occur (Barnett & Ceci, 2002). Limited time may
prevent adequate initial learning and explain the absence of far trans-
fer. In less artificial learning environments, learners have more time,
and the distribution of the allocated time may support initial learning
and allow for subsequent transfer. When learning requires concep-
tual change, as is the case in physics, spacing the learning time
may be beneficial. Most students oscillate between their naive beliefs
and scientific conceptions for a long period of time (Vosniadou &
Brewer, 1992). This oscillation provides opportunities to experience
situations in which naive beliefs might be useful and those in which
the application of scientific conceptions is more helpful and produc-
tive (Ohlsson, 2009, 2013). Only when students have the opportu-
nity to repeatedly activate and rethink their knowledge can they
construct concepts that are generalizable across contexts. Schools nat-
urally offer spaced learning opportunities because the lessons allo-
cated to a subject are spread over days and weeks, and it is not rare
for topics to be revisited years later to refine students’ understanding.
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To make acquired knowledge useful in new situations, it must be
organized in ways that enable learners to recognize relevant similar-
ities between their knowledge and the novel situation (e.g., Chi &
VanLehn, 2012). In the case of physics, the required knowledge
should be organized according to conceptual principles rather than
according to surface features (e.g., Koponen & Kokkonen, 2014).
For example, simply learning facts about what kind of material
sinks and what kind floats (e.g., solid bodies made of Styrofoam
float, while those made of steel sink, or that hollow objects are pulled
upward by the air inside them) is unlikely to be productive for future
learning (Hardy et al., 2006). An effective preparation would be to
convey the more abstract idea that objects with less weight than the
amount of water they displace float, whereas objects with more weight
than the amount of displaced water sink. When students understand
that the relationship between the volume and weight of the immersed
object and the volume and weight of the replaced medium is decisive,
they may understand the commonalities between a hot air balloon and
a ship; because of the buoyancy force, they both rise because they are
pushed upward by the heavier medium (cold air or water, respec-
tively). To prepare students for future learning, the aim of science edu-
cation should be to promote the acquisition of concepts that are
abstract enough to allow for generalization and transfer to superficially
different situations.

However, even if the initial learning is successful, transfer may
still fail because learners cannot see the similarities between their
knowledge and the novel content or problems presented and therefore
do not activate and retrieve their relevant knowledge. Expecting the
direct application of previously acquired knowledge to new problems,
as it is typically tested in short-term designs, is likely to overstrain
even otherwise capable learners. At the same time, subtle hints
about the similarity between prior knowledge and a novel problem
can help learners recognize the similarity and increase the likelihood
of transfer (e.g., Gray & Holyoak, 2021). For the aim of consecutive
concept construction in school, combining the idea of the spiral
curriculum with the notion of preparation for future learning
(Bransford & Schwartz, 1999) leads to productive conceptualizations.
A spiral curriculum describes normatively how content should be
organized, typically, across several years of schooling. The notion
of preparation for future learning takes the perspective of the learners.
Regarding science education, early education should provide neces-
sary first building blocks for discovering and understanding the
laws of nature; it will take years of education in which scientific
laws and concepts are repeatedly revisited to help learners grow and
refine their conceptions toward a scientifically suitable conceptual
understanding. Accepting, for example, that one’s explanations and
predictions need to be reconsidered because they are not in line
with the outcomes of experiments remains crucial to learning in the
sciences (Kuhn, 2010). Such small steps may prepare learners for fol-
lowing instructional steps, so that they can gradually build up knowl-
edge across their science education, spanning several years in schools.

Design and Research Questions (RQs) of the Present Study

From the previous section, we conclude that the overly pessimistic
view on transfer derived from short-term experimental studies may
not fully apply to school settings, particularly if a spiral curriculum
targeted toward conceptual change is implemented. In the present
study, we investigated consecutive concept construction in physics
education from elementary to secondary school in regular classroom
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settings. Would students apply what they have learned in basic ele-
mentary school curriculum units on “floating and sinking” and “air
and atmospheric pressure” (i.e., their prior knowledge) to an advanced
curriculum unit entitled “hydrostatic pressure and buoyancy force”
taught in secondary school?

Despite the narrow focus on the content examined, the design of
our study allows for broader conclusions about the usefulness of
early physics education in general. Many requirements are placed
on elementary school, primarily on promoting reading, writing,
and mathematics. In non-English speaking countries as well as in
multilingual countries, time resources are required for foreign/sec-
ond language education. Although science lessons have a long tradi-
tion in elementary school, in many countries, including Switzerland,
their main focus is on topics on biology and local geography, which
is, of course, also justified (e.g., D-EDK, 2016; National Research
Council, 2013). Given this competition for lesson times in elemen-
tary school, adding physics to the timetable is likely to raise concerns
about teaching this topic at the expense of other subjects and topics.
The results of the present study may help to better evaluate the pros
and cons of implementing physics curricula in elementary school.

For the present study, we analyzed data from the Swiss MINT
Study (SMS), a longitudinal study that has been conducted at regular
schools (Edelsbrunner et al., 2018; Schalk et al., 2019). MINT is the
acronym for mathematics, informatics, natural science, and technol-
ogy. It is used in German-speaking countries and corresponds largely
to STEM. Within the SMS, elementary school teachers were trained to
teach four curriculum units on basic physics concepts with a focus on
conceptual understanding. In the present study, we investigated how
learning the basic curriculum units in elementary school prepares stu-
dents to learn an advanced physics curriculum unit in secondary
school. Two of the basic curriculum units (floating and sinking,
air and atmospheric pressure) share overlapping concepts with the
advanced curriculum unit, which focuses on hydrostatic pressure
and buoyancy force, while the other two basic curriculum units
(stability of bridges and sound and the spreading of sound) do not.

In Switzerland, elementary school comprises 6 years. Secondary
school starts at Grade 7 with newly composed classes and new teach-
ers. This regulation allows the realization of a quasi-experimental
research design to investigate the question of whether students can
take advantage of early physics education. In the newly composed
secondary classes, only some of the students had undergone the
basic physics curriculum units in elementary school (intervention
group), while others had not (control group). We recruited secondary
school teachers who taught science classes in Grade Levels 7 and 8
to implement the advanced curriculum unit on hydrostatic pressure
and buoyancy force. If children from the intervention group acti-
vated and used their prior knowledge, they should have been better
prepared for learning the advanced curriculum unit than those who
did not complete the basic curriculum units in elementary school.
Importantly, the secondary school teachers did not know which of
their students belonged to which group. Moreover, the advanced cur-
riculum did not make any direct and explicit reference to the basic
curriculum units; that is, it was designed to be taught as a stand-alone
curriculum unit. Designing the advanced curriculum in this way
gave all students a fair chance to benefit from the instruction. Even
though it is well known that hints about relevant prior knowledge
support knowledge transfer, we decided to not provide any refer-
ences to avoid actively disadvantaging children from the control
group and to circumvent the critique that these references would
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be decisive (i.e., to circumvent the accusation of implementing a
strawman design).

We expected that children from the intervention group would ben-
efit more from the advanced curriculum unit than children from the
control group because they could make use of their knowledge from
the basic curriculum unit. That is, we predicted transfer performance
(the precise RQs are presented below). Based on a broad range of
empirical findings, Barnett and Ceci (2002) developed an influential
taxonomy to help explain how likely it is that knowledge will be
applied and extended to a new context. The taxonomy comprises
the transfer dimensions of the knowledge domain, the physical, tem-
poral, functional, and social contexts and the modality of testing. We
used these dimensions to precisely characterize the similarities
between the basic curriculum units and the advanced curriculum
unit, that is, their distance with regard to the required transfer.
Concerning the knowledge domain in the basic curriculum units
and the advanced curriculum unit, the transfer distance was moderate.
The basic curriculum units shared some overlap with the advanced
curriculum unit, particularly the context of water and buoyancy,
which was part of the floating and sinking unit and the advanced
unit. The curriculum units differed in many other surface features of
the domain. For example, to achieve transfer from the conceptual
understanding of air pressure in the Earth’s atmosphere to the
advanced curriculum unit, students had to recognize structural similar-
ities of air pressure with hydrostatic pressure that are not visible on the
surface level. Overall, despite some similarities, transfer of the knowl-
edge domain appears demanding. Regarding the physical and social
context, instruction and tests take place at school, but the teachers
and the locations (elementary and secondary schools) are different.

The temporal context of our study reduced the likelihood of
transfer because there was a time lag of 3 years on average between
learning the basic curriculum units and learning the advanced cur-
riculum unit (more details about the timing follow in the Method
section). Two perspectives can be taken regarding the likelihood
of transfer given this temporal context. On the one hand, based
on the spacing effect, it can be useful to have a gap of at least
some days, weeks, or even months between related learning units
so that learners’ knowledge has time to consolidate between the
units (Carpenter, 2012). On the other hand, fadeout must be
expected after a delay of multiple years (Bailey et al., 2017),
although research employing the floating and sinking unit has
shown that elementary school students can maintain a good share
of their newly acquired knowledge for at least a year (Hardy
et al., 2006). Overall, the temporal gap in our study made it likely
that students could not retrieve all of their acquired knowledge from
elementary school; at the same time, the knowledge that they could
still retrieve might be strengthened because of the time gap. It could
be consolidated and, as such, more easily transferred and related to
the new content. Further aspects of the functional and social contexts
as well as the modality of teaching and testing were quite similar
between the basic curriculum units and the advanced curriculum
unit. All units could be described as academic learning in a classroom
setting (functional context). All teaching units implemented a guided
inquiry-based approach with small-group activities, and all students
were tested individually within classrooms (social context). In ele-
mentary and secondary school, multiple choice tests were applied;
therefore, the modality of testing was the same across units.
According to the taxonomy, the greatest challenges for transfer in
the present study were the knowledge domain, particularly the
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temporal context with its relatively large time gap between the basic
curriculum units and the advanced curriculum unit.

Figure 1 presents the design of this study. The learning gains
of each curriculum unit were measured by pre- and posttests. The
order of the basic curriculum units in this diagram is merely exem-
plary. Elementary school teachers were free to choose the order in
which they taught the four units.

The following three RQs were addressed:

RQ1: When does prior conceptual knowledge unfold its
potential?

The advanced curriculum unit was preceded and followed by an
identical pre- and posttest, both of which could reveal the hypothe-
sized between-group differences in favor of the intervention group.
The intervention group could outperform the control group in the
pretest because their prior knowledge allowed them to draw conclu-
sions when working on the pretest. It is also plausible that the advan-
tage of the intervention group was revealed only while students
completed the learning unit on hydrostatic pressure (in the sense
of preparation for future learning). Given the learning experience
with the basic curriculum units, students may have had an advantage
in developing conceptual knowledge based on the content of the
advanced curriculum unit. Specifically, we investigated the follow-
ing five pathways of consecutive concept construction as a conse-
quence of having received the basis curriculum units:

1. No effect: The intervention and the control group do not dif-
fer in the pretest or in the posttest.

2. Attenuation effect: The intervention group outperforms the
control group in the pretest, but in the posttest, the difference
declines or disappears because the advanced curriculum
unit compensates for differences in prior knowledge (since
it was designed as a stand-alone unit).

3. Learning-only effect: The intervention and the control group
do not differ in the pretest, but the intervention group outper-
forms the control group in the posttest.

4. Constant effect: The intervention group outperforms the con-
trol group in the pretest and in the posttest to a similar extent.

5. Boosting effect: The intervention group outperforms the con-
trol group in the pretest and in the posttest, but the between-
group difference in favor of the intervention group is larger in
the posttest.

Investigating these five possible pathways can provide an answer
to RQ1. We also considered the effects of gender in an additional
exploratory analysis in which we extended this model to control
for gender and to add its interaction with the early physics interven-
tion. We did not have a central RQ or hypotheses regarding students’
gender. However, since gender differences are an ongoing issue in
STEM education research and specifically in physics education
(Hofer & Stern, 2016), we examined potential effects to obtain initial
insight into the role of early physics education in shaping gender dif-
ferences and to generate hypotheses for future research.

In addition to comparing absolute learning gains between the
intervention and control groups to answer RQ1, we aimed to inves-
tigate whether learners in the intervention group achieved similar or
higher learning outcomes at the posttest when they started with the
same knowledge as those in the control group at the pretest. This
question is different from the question of the similarity of learning
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Figure 1
Design of the Present Study

elementary school level
grade2-6

intervention group

EDELSBRUNNER, SCHUMACHER, HANGER-SURER, SCHALK, AND STERN

secondary school level
grade 7 and 8

mixed classrooms

floating air and »
and atmospheric stability of
sinking pressure bridges

regular science lessons

control group force

sound and
the spreading e
of sound hydrostatic
pressure
and

buoyancy

Note.

gains posed in RQ1 (Kohler et al., 2021). Comparisons of learning
gains are usually analyzed with models in the tradition of
repeated-measures analyses of variance (ANOVAs), whereas compar-
isons of outcomes for learners starting with similar scores are usually
analyzed with analysis of covariance (ANCOVA) models (e.g., Kohler
et al., 2021; Ludtke & Robitzsch, 2022). After using a repeated-
measures model to investigate RQ1, we used an ANCOVA-type
model to investigate the following question:

RQ2: Do students from the intervention group achieve higher
learning outcomes than students from the control group after
controlling for knowledge at pretest?

For this RQ, we employed a regression model with the pretest as a
covariate, which resembled an ANCOVA structure. We examined
whether, when controlling for the pretest, a variable indicating the treat-
ment (intervention vs. control group) could explain further variation in
students’ learning outcomes at the posttest. An effect of the treatment
beyond the pretest would indicate that learners in the intervention
group achieved higher learning outcomes at the posttest that could
not be explained by potential knowledge differences between the two
groups that already existed at the pretest. After examining the main
effect of condition, we again, similar to RQ1, added a main effect of
gender as well as its interaction with the condition for an exploratory
analysis of differential effects for male and female learners.

Learning in each of the four basic curriculum units was measured
with tests on conceptual understanding. Due to the conceptual over-
lap with the target curriculum unit on hydrostatic pressure and buoy-
ancy force, achievement in tests on floating and sinking and air and
atmospheric pressure was expected to have greater predictive power
than achievement in tests on the stability of bridges and on sound and
the spreading of sound, leading to the third RQ.

RQ3: Can transfer effects be traced back to overlapping concep-
tual knowledge between the basic curriculum units and the
advanced curriculum unit?

Only learners from the intervention group were included in the
analysis of this RQ. Their posttest scores in the four curriculum
units served as predictors for their achievement in the advanced cur-
riculum on hydrostatic pressure and buoyancy force in a hierarchical

See the online article for the color version of this figure.

multiple regression model (Tabachnick et al., 2013). In the first
model, we included posttest achievement in the topics of floating
and sinking and air and atmospheric air pressure as predictors. Both
of these topics showed an overlap of concept knowledge with hydro-
static pressure and buoyancy force. Consequently, we expected that
learners’ knowledge on these two topics would predict their posttest
achievement on hydrostatic pressure and buoyancy force when con-
trolling for pretest knowledge in this unit. In a second step, we
added students’ posttest achievement on the other two topics from
the basic curriculum units (stability of bridges, sound and the spread-
ing of sound) to the model. We expected that performance on these
topics would have little or no predictive value for students’ perfor-
mance on the test on hydrostatic pressure and buoyancy force when
controlling for the other two topics.

Transparency and Openness

We report how we determined our sample size, all data exclusions,
all manipulations, and all measures in the study. All data, research
materials, and analytic scripts are available on the Open Science
Framework (OSF; https:/osf.io/94rxq/). Data were analyzed using
the R software environment Version 4.0.2 (R Core Team, 2021)
via the tidyverse and brms packages (Biirkner, 2017; Wickham
et al., 2019). The design and analyses were not preregistered. For
statistical tests, we used 90% credible intervals (CIs) (see Method
section for further details).

Method

We randomly selected public elementary schools from urban and
rural areas in the German-speaking part of Switzerland. Via the prin-
cipals of the schools, teachers were asked to implement the four
basic curriculum units. When a considerable portion of the students
had finished elementary school, we started by contacting the neigh-
boring secondary schools to which the students transitioned. We also
invited the secondary school teachers via the school principals.
Since these secondary schools were attended by students from sev-
eral elementary schools, only a share of the students had received
the basic curriculum unit in elementary school. This approach real-
ized a quasi-experimental randomized design. Some of the students
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had received the basic curriculum units (intervention group). The
other students had not; they had received the standard science
instruction (control group), which typically focuses on topics other
than physics (predominantly biology and geography).

Participants

The sample encompassed N = 1,375 secondary school students
(age at pretest = 13.64 years; SD =0.77; 679 male, 49.31%; 677
female, 49.16%; 18 missing values for gender) from 60 classes. The
sample size was determined by ongoing recruitment that was finished
when this article was written. Twenty-four classes received the
advanced curriculum unit in Grade 7 (n=1501, 282 [56.29%]
belonged to the control group), and 36 classes received it in Grade 8
(n =874, 660 [75.51%] belonged to the control group). Overall, 942
students belonged to the control group (M,g. at pretest= 13.69
years, SD = 0.78, n = 459 [48.73%] male), and 433 students belonged
to the intervention group (M, at pretest = 13.53 years, SD = 0.75,
n=218 [50.34%] male). Ethical approval was granted by Peter
A. Edelsbrunner’s institution. Parents gave consent to use the data
for scientific purposes. They received a written description of the
study, and the second author of this article (Ralph Schumacher) visited
parent assemblies at the schools to describe the study.

The basic curriculum units contained teaching materials suitable for
all elementary school grade levels and could thus be implemented in
Grade Levels 1-6. The teachers were free to choose the grade level
and the order in which they implemented the four basic curriculum
units, but the large majority implemented them in Grade Levels 3
and 4. Due to unforeseen events in some classes, not all units could
be implemented. Fluctuations and missing data also occurred at the
student level because some students may have left school while the
units were applied, or they missed either the pre- or the posttests
because of sickness. Our criteria for being considered in the inter-
vention group was having received at least one of the four units.
The number and percentage of students from the intervention group
who completed different numbers of units were as follows: 79
(18.24%) completed one unit, 84 (19.40%) completed two units,
127 (29.33%) completed three units, and 166 (38.34%) completed
all four units. Overall, 326 (75.28%) of the intervention group stu-
dents received instruction on the topic of air and atmospheric pressure,
331 (76.44%) received instruction on the topic of floating and sinking,
358 (82.68%) received instruction on the topic of sound and the
spreading of sound, and 269 (62.12%) received instruction on the
topic of the stability of bridges. The risk for selection bias within
this quasiexperimental design was minimal, as school principals
obliged their teachers to participate in our study, in Switzerland all
teachers receive similar education and the same payment indepen-
dently of school, and schools are generally diverse regarding socioe-
conomic background. No students opted out from the study in
secondary school. The consent received from the intervention group
in primary school covered their participation in the study in secondary
school. Students and parents had the opportunity to opt out at any time
point, but only a few parents or students did so in elementary school.

Procedure: The Curriculum Units and Their Implementation

The basic curriculum units as well as the advanced curriculum
unit were developed by science educators employed as researchers
at universities. All curriculum units promoted the active construction
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and restructuring of conceptual knowledge in an inquiry-learning
setting. Means of cognitive activation, such as prompts for self-
explanations, comparing and contrasting cases, and metacognitive
questions, were included. Before experiments were conducted,
students were asked to explain and discuss their own predictions (in
the sense of predict-observe—explain cycles). This guided inquiry
gave them the opportunity to realize the limits of their knowledge
when their hypotheses did not match the outcome of an experiment.
Subsequently, teachers promoted active knowledge construction by
structuring and scaffolding children’s discussions in search of the
best explanation. Typically, several different experiments were used
to explore the same physics concept, and the children were prompted
to describe what the experiments had in common.

In elementary school and in secondary school, the units were taught
by regular teachers who had undergone thorough trainings (one after-
noon for each topic, delivered by Ralph Schumacher). The teachers
were informed not only about the physics concepts and theories but
also about typical intuitive conceptual frameworks and students’ mis-
conceptions that impede learning. In addition, they were provided
with elaborated teaching materials for all lessons of a curriculum
unit (e.g., detailed descriptions of the lessons, worksheets, texts for
reading), equipment, and instruments for all experiments. They also
learned how to conduct the hands-on experiments. Although the ele-
mentary school teachers were free to choose the order in which they
provided instruction on the different topics, many received training
on the topic of air and atmospheric pressure first. Consequently,
approximately half of the students (n = 233, 54%) received instruction
on this topic first, 53 students (12.24%) received instruction on floating
and sinking first, 79 students (18.24%) received instruction on sound
and the spreading of sound first, and 67 students (15.47%) received
instruction on the stability of bridges first. A regression model testing
for interactions of the first topic that was taught with the posttest
achievement on the advanced curriculum unit indicated only very
small effects (Table Al).

Four Basic Curriculum Units for Elementary School
Physics Education

The four basic curriculum units were developed at the University of
Miinster (Moller et al., 2006). The units underwent several scientific
evaluations (e.g., Hardy et al., 2006; Kleickmann et al., 2010;
Schalk et al., 2019). Each basic curriculum unit contained teaching
materials for 14-16 lessons that were typically spread over several
weeks. In each unit, the children underwent structured predict—
observe—explain trials on their own and in small groups to experience
phenomena and develop conceptual understanding of the underly-
ing physics concepts under guidance of their teachers. The units
are described elsewhere in detail (Hardy et al., 2006; Schalk et al.,
2019). Here, we provide only a short overview of the central topics,
aims, and examples of the instructional contents for each unit.

1. Floating and sinking: The main learning goal of this curric-
ulum unit is for children to predict and explain why certain
solid and hollow objects float while others sink. The con-
ceptual understanding that children are supposed to develop
is related to the concepts of water displacement and buoy-
ancy force. Technical terms such as “density” and “buoy-
ancy” are not used explicitly to avoid technical jargon at
this age. Learners must overcome intuitive but naive
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conceptions such as “light things float while heavy ones
sink” or “hollow things are pulled upward by the air inside
them.” Finally, the children also learn that objects that dis-
place more water than they weigh float (and if they displace
less water, then they sink). This conceptual understanding is
supported through various teacher-guided experiments. For
example, the children immerse three pots of different sizes
into water and report which pots require the most effort to
be pushed fully into the water (Figure 2). In this experiment,
the children experience and reflect upon the fact that push-
ing larger objects down into water requires more effort
than pushing down smaller objects. Whereas understanding
buoyancy force is one of the central learning goals in this
unit, its origin is not explained or explored.

. Air and atmospheric pressure: Many children think that air

has no or even negative weight (Hardy et al., 2006). The
major learning goal of this unit is for children to develop
an adequate conceptual understanding of air as being com-
posed of matter that has weight, needs space, and interacts
with its physical environment in specific ways. To this
end, children conduct experiments in which they experience
the material nature of air and its specific characteristics. In an
experiment with a ball, they must predict whether the weight
of the ball will be the same, increase, or decrease when it is
inflated with air (Figure 3). After providing their predictions
and observing on a scale that the weight of the ball increases
after it has been inflated, they discuss reasons for this phe-
nomenon, supported by their teachers who guide them in
finding the appropriate explanations. In another experiment
that is important for the present study, the children predict
what happens when air is pumped out of a closed glass con-
tainer that has a balloon filled with air inside it (Figure 3).
After observing that the balloon increases in size, the children
discuss with the teacher that this occurs because of a reduc-
tion in air pressure in the glass. Afterward, they learn that
air also exerts pressure within the Earth’s atmosphere and
that this pressure decreases with increasing altitude. In further

Figure 2
Depiction of an Exemplary Exercise in the Basic Curriculum Unit
on Floating and Sinking
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See the online article for the color version of this figure.

experiments, the children learn that air can slow falling toy
parachutes and propel sailing ships and that it expands and
rises when it is heated.

. Sound and the spreading of sound: The goals of this unit are

for children to understand that sound is produced by vibra-
tions, and these vibrations are waves in air or other solid, lig-
uid, or gaseous media. For example, students see and hear a
ringing alarm clock in a glass container and predict what hap-
pens to the sound when air is pumped out of the container.
After perceiving a decrease in the sound volume, the children
discuss with their teachers that without a medium such as air,
sound cannot travel, followed by a discussion of the central
characteristics of sound waves. In another experiment, the
students determine what variables affect the pitch and volume
of sounds. They also acquire knowledge about the anatomy
and functions of the human ear with regard to sound
perception.

. Stability of bridges: This teaching unit is aimed at develop-

ing initial knowledge about forces and mechanics. These
concepts are introduced by building bridges and investigat-
ing the factors that affect the stability of bridges. In an exper-
iment exemplifying counterbalance, the children add blocks
to a wooden bridge that requires stabilization. The mechan-
ical principle that vertical forces can be split into vertical and
horizontal forces is illustrated with an arch bridge that needs

Figure 3
Depiction of an Exemplary Exercise in the Basic Curriculum Unit on
Air and Atmospheric Pressure
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lateral counter bearings to be stabilized. The children also
acquire a conceptual understanding of profiles and how
they contribute to stability.

Advanced Curriculum Unit on Hydrostatic Pressure and
Buoyancy Force

The advanced curriculum unit for secondary school encompassed
the topics of hydrostatic pressure and buoyancy force. It was devel-
oped by the MINT-Learning Center of ETH Zurich under the super-
vision of the physicist Brigitte Hénger-Surer (coauthor of this
article). Over the course of six lessons, students learned to explain
how the buoyancy force in water is caused by differences in hydro-
static pressure. To give all students from the intervention and control
groups a fair chance to benefit from this teaching unit, the first two
lessons introduced the concept of buoyancy force with three simple
experiments and made students aware that they lacked a causal
explanation of what gives rise to this force. In Lessons 3-5, students
experimentally explored hydrostatic pressure. For example, by mea-
suring with simple manometers, they learned that hydrostatic pres-
sure constantly increases with depth (see Figure 4).

Students learned from this instructional unit that the buoyancy
force is caused by differences in hydrostatic pressure: Since hydro-
static pressure increases constantly with increasing depth, the hydro-
static pressure on an object under water from below is higher than the
hydrostatic pressure from above (see Figure 5).

This difference in pressure results in an upward force in water, the
buoyancy force. Students are guided stepwise by different instruc-
tions and activities (e.g., by completing an incomplete version of
Figure 5). Based on this conceptual knowledge about the pressure
difference, students are asked to construct an explanation of how
the different hydrostatic pressures on an object under water cause
the buoyancy force in the sixth lesson.

Relations Between the Basic Curriculum Units and the
Advanced Curriculum Unit

Two of the basic curriculum units, floating and sinking as well as
air and atmospheric pressure, introduce concepts that are, from a
physics perspective, further developed in the advanced curriculum
unit. Specifically, the basic curriculum unit on floating and sinking
in elementary school offers alternatives to the naive belief that hollow
objects are pulled upward. The unit rather supports a prequantitative
understanding of the Archimedean principle: If an object is immersed
in water, it is pushed up by the replaced water. Therefore, if an object
has less weight than the amount of replaced water, it floats, whereas if
it has more weight, it sinks. Buoyancy force is merely assumed as a
fact in the basic curriculum unit without explaining its cause. The
basic curriculum unit on air and atmospheric pressure focuses on
the material nature of air. In addition, children learn that atmospheric
air pressure decreases with altitude respectively increases with depth.
This is illustrated by the analogy that “we all live on the ground of a
sea of air” (Figure 6).

The physics concepts of these two basic curriculum units are
embedded in different contexts while their conceptual contents are
both related to the advanced curriculum unit. In line with the prep-
aration for future learning paradigm, students who undergo the
basic curriculum units experience the challenge of revising their
often deeply rooted intuitive concepts and explanations. An example
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Figure 4
Manometer Used in the Advanced Curriculum Unit on Hydrostatic
Pressure and Buoyancy Force

Note. ETHMINT =logo of the ETH MINT learning center. See the online
article for the color version of this figure.

for triggering this challenge is an experiment in the basic curriculum
unit in which students immerse pots of different sizes into water (see
Figure 2). They experience that varying effort is needed to push
objects of different volume into water: Pushing larger objects
down into water requires more effort than pushing down smaller
objects. Understanding that buoyancy force depends on the amount
of displaced water contrasts with children’s typical intuition that
objects float because the air contained in them pulls them upward.
The conceptual change is thus based on the insight that objects
float in water, not because they are pulled upward by the air con-
tained in them, but because they are pushed upward by the displaced
water. In this and similar experiments, children’s initial intuition is
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Figure 5
Exemplary Image Used for Explaining Hydrostatic Pressure and
Buoyancy Force
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repeatedly challenged, but learners experience this challenge in a
supportive environment. In collaborative discussions with their
teachers and peers, learners are encouraged to express any beliefs
without embarrassment. Undoubtedly, conceptual change is a
tedious process, but the many opportunities offered in the multiweek
basic physics units help to revise naive or intuitive ideas of air pull-
ing things upward through the concept of water pushing things
upward. Developing an understanding that water is pushing
immersed objects upward may prepare learning from the advanced
unit, which focuses on establishing an understanding why differ-
ences in water pressure (as water pressure increases with depth)
give rise to the buoyancy force. Moreover, having learned in the
basic curriculum that atmospheric pressure decreases with altitude
can help abstract and generalize the concept of buoyancy, so it
becomes less bound to the water context.

Assessments
1. Test of hydrostatic pressure and buoyancy force

Before and after the advanced curriculum unit, students completed
a test on their conceptual understanding of hydrostatic pressure and
buoyancy force, which contained 13 multiple choice questions (for
an exemplary question about hydrostatic pressure, see Figure 7; for
an exemplary question about buoyancy force, see Figure 8). The ques-
tions in the pre- and posttest were identical. Pre- and posttest solution
rates served as dependent variables for the analyses.

Many distractor options in the questions covered misconceptions
about hydrostatic pressure and buoyancy force (see Figures 7 and 8).
Therefore, a decrease in selected distractors and a simultaneous
increase in correct answers provided a proxy for conceptual restruc-
turing. For each of the 13 questions, two points were given for a
completely correct answer (all correct options marked with no incor-
rect option). If either correct option was left out or one incorrect
option was marked, one point was given; otherwise, the score for
the question was zero. Accordingly, the maximum score for the
test was 26. The test was developed by our team under the supervi-
sion of the physicist Brigitte Hinger-Surer. It was administered as a
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Figure 6

Depiction Used to Explain That “We All Live on the Ground of a Sea
of Air” in the Air and Atmospheric Pressure Basic Curriculum Unit
(Labeling of Spheres in German)
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paper—pencil test by the teachers according to our instruction. The
teachers returned the tests to us by mail, and they received feedback
about the mean achievement gains in their classrooms. The esti-
mated internal consistencies were o.=.53, ®=.54 (see Dunn
et al., 2014 for a description of w) at pretest and o = .64, ® = .65
at posttest. Considering that the tests encompassed knowledge
about multiple topics and concepts that were treated in the unit,
these internal consistencies appeared adequate (Stadler et al.,
2021; Taber, 2018). Note that internal consistency is not equated
with reliability. Tests can be reliable and valid when their internal
consistency is low (Neubauer & Hofer, 2022), particularly knowl-
edge tests (Stadler et al., 2021; Taber, 2018).

2. Tests on the four basic curriculum units

To address RQ3 on the specificity of the transfer, we used the scores
of the multiple choice tests for the basic curriculum units (floating and
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Figure 7
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Example Question From the Test on Hydrostatic Pressure

Two differently shaped jars are filled with water. The hydrostatic pressure is measured at

the marked two spots.

(1) At which of these two marked spots do we measure a higher hydrostatic pressure?

(2) Why is that so? Select all correct answers.

. because at the narrow part of the jar the water is compressed

. because at the wider part of the jar more water exerts pressure

U because the hydrostatic pressure increases with depth

. because the hydrostatic pressure is higher near the water surface
. because the water exerts more pressure, the deeper one gets

Note. The correct answer for the first part of the question is at the lower spot in the left jar, and for the

second part, the third and fifth options are correct.

sinking: 11 items; air and atmospheric pressure: 15 items; sound and
the spreading of sound: 17 items; stability of bridges: 18 items) as
predictors. The tests were presented at the end of each of the four
curriculum units to the children of the intervention group. The tests
are described elsewhere in detail (Hardy et al., 2006; Schalk et al.,
2019). Estimates of internal consistencies were o= .91, ® = .92 for
the test on floating and sinking, oo=.70, ®w=.72 for air and

Figure 8
Example Question From the Test on Buoyancy Force

Why does water exert an upward force on objects immersed into water?

1

. because the replaced water wants to get back to its place

. because the objects are light

. because the objects contain air

. because the hydrostatic pressure increases with depth

. because some materials float

. because water exerts a higher pressure from below than from the top

Note. The fourth and sixth options are correct.

atmospheric pressure, o.= .79, o = .80 for sound and the spreading
of sound, and o.= .87, o = .87 for stability of bridges. Considering
the breadth of topics and concepts within the different tests, all internal
consistencies appeared acceptable (Stadler et al., 2021; Taber, 2018).
The average time gap between the posttests on the four basic curricu-
Ium units and the pretest on hydrostatic pressure and buoyancy force
varied between 0.39 and 6.10 years (M = 3.19 years, SD = 1.00). In
accordance with our assumption that the time gap represents a chal-
lenge to knowledge transfer, a model presented in the Appendix indi-
cates that a longer gap between the basic curriculum units and the
advanced curriculum unit predicts lower achievement on the hydro-
static pressure and buoyancy-force posttest within the intervention
group (Table A2). Since this time gap only existed within the interven-
tion group, we did not further consider it in our analyses.

Analytic Approach

For statistical analyses, we employed multilevel modeling because
the students in our sample were nested in school classes. Taking this
nesting into account in multilevel models avoided bias (Barr et al.,
2013; Kéry & Schaub, 2011; McElreath, 2020). We chose Bayesian
estimation, which is less prone to estimation issues than frequentist
analyses (Konig & van de Schoot, 2018), is bias-free in smaller sam-
ples (Birgé, 2015), and provides an intuitive integration and interpre-
tation of multilevel parameters (Kéry & Schaub, 2011). For these and
further reasons, Bayesian estimation has been implemented increas-
ingly frequently in recent educational research (see, e.g., Berweger
et al., 2023; Geary et al., 2021; Hausen et al., 2022; Merk et al.,
2023; Schmidt et al., 2023). Note that the Bayesian approach mostly
affects model estimation, not how the model is specified. Readers can
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adopt their regular knowledge about general linear models and multi-
level regression modeling in interpreting the parameters presented
below.

We included a random intercept across learners’ secondary school
classrooms in all models. We also examined whether there was addi-
tional systematic variation stemming from students’ elementary
school classrooms. The intraclass correlation coefficient estimates
for learners’ elementary school classrooms were only between 0%
and 2% across the four basic curriculum unit topics when controlling
for dependence stemming from their secondary school classrooms,
indicating that modeling these residual dependencies was not neces-
sary. The random intercept of the posttest showed an intraclass cor-
relation coefficient of .17 across secondary school classrooms,
indicating that approximately 17% of variance in the posttest
could be attributed to systematic differences between learners’ class-
rooms for the more advanced unit. In addition to the random inter-
cept, we added correlated random slopes for all further regression
parameters apart from the effects of the pretest (which did not
show variation across classrooms). We also extended the models
to allow for heterogeneous residual variances across classrooms
and for skewness in the posttest. With these model specifications,
posterior predictive checks and residual plots, including qq plots,
indicated appropriate model fit and adherence to statistical assump-
tions. Note that the parameter estimates from models that imple-
mented multilevel structure can deviate from descriptive statistics
despite good model fit.

All models converged without issues, as indicated by Rhat esti-
mates of 1.00 for all parameters, the absence of divergent transitions
in the estimation process, effective sample sizes above 500, and
visual inspection of posteriors and mixing in posterior trace plots
(for explanations of these indices, see Biirkner, 2017). The posteri-
ors of all central model parameters were strongly unimodal. We
implemented the models in the brms package (Biirkner, 2017).
For the Hamiltonian Monte Carlo estimation of each model, we
used four chains with 4,000 draws, of which 1,000 were treated as
a warm-up, with no thinning and a high target acceptance rate of
.99. We used default priors for model parameters apart from regres-
sion weights because these were the parameters of interest regarding
our RQs. These default priors were student ¢ distributions with 3 df,
locations of 0 and scales of 10 for variance parameters, as well as a
Lewandowski—Kurowicka—Joe (LKJ) distribution with one degree
of freedom for random effect correlations. We did not deviate
from these default priors as these specifications mapped well onto
the expected score ranges of our measures. The LKJ-prior with
one degree of freedom does not restrict random effect correlations,
which was appropriate given that we did not have any expectations
regarding plausible values for these parameters. For regression
weights (i.e., slope parameters), we defined Gaussian priors with
locations representing small effect sizes and variances of 10. A
prior robustness check confirmed that these prior choices were
weakly informative, implying that they did not noticeably influence
the resulting model estimates.

We present and interpret the means of posterior distributions as
parameter estimates. Bayesian models do not provide typical p val-
ues, but they have an informative alternative called CIs, which are
akin to confidence intervals from frequentist statistics, but are less
prone to typical misinterpretations (Hoekstra et al., 2014). For stat-
istical inference, we interpreted 90% Cls (defined by highest density
posterior intervals; McElreath, 2020) as follows. If the estimated CI
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of a model parameter did not include zero, we interpreted this as evi-
dence that the respective effect deviated from zero. If the estimated
interval included zero, we interpreted its range but did not exclude
the possibility that the respective parameter was zero (Sorensen &
Vasishth, 2015). There is no standard range for the reporting of
CIs (McElreath, 2020). We decided to use 90% ClIs because they
provide a rather high certainty of 90% for the unobserved parameters
to fall within the respective interval. Note that this is a simple and
intuitive interpretation that is not possible with classical, frequentist
confidence intervals. An advantage of 90% intervals is that their lim-
its are usually estimated more reliably than those of broader inter-
vals, for example, 95% intervals (McElreath, 2020). We set up
regression models akin to models from the 7 test and ANOVA fam-
ilies (these models are further described in the Results section). We
decided to present the results in regression parameters instead of
ANOVA-like sum of squares values because we prefer the interpre-
tation of regression parameters (for a discussion of the use of sum of
squares within a Bayesian framework, see Marsman et al., 2019).

There were 1%-3% missing data on students’ posttest scores on
the assessments of the basic curriculum units. We imputed the miss-
ing values directly in the models, an approach that is generally
recommended in Bayesian modeling (McElreath, 2020). For impu-
tation, we used the information of the remaining predictor variables
for the estimation of missing data on each respective predictor vari-
able. Imputation was only necessary for the two models evaluating
RQ3; in all other models, there were no missing data.

Results

RQ1: When Does Prior Conceptual Knowledge Unfold Its
Potential?

Regarding the question of whether the potential of the intervention
unfolds before or after the advanced curriculum unit, Figure 9 depicts
descriptive statistics and the full distributions of the pre- and posttests
measuring students’ knowledge about hydrostatic pressure and buoy-
ancy force. At the pretest, students in the control group achieved a
mean score of M =9.27 (SD =3.70), and those in the intervention
group achieved a mean score of M = 10.29 (SD = 3.76). At the post-
test, students in the control group achieved a mean score of M = 14.43
(SD =4.35), and those in the intervention group achieved a mean
score of M =15.54 (SD = 4.42). The results of Bayesian multilevel
regression models comparing these scores at pre- and posttest between
conditions are presented in Table 1. The implemented models were
akin to simple ¢ tests, comparing scores on the pre- or posttest between
the intervention and control groups but with a multilevel structure to
correct for nesting in classrooms.

As shown in Figure 9 and confirmed by the regression results in
Table 1, the students in the intervention group outperformed those
in the control group at both pre- and posttest. Descriptively, the stu-
dents in the intervention group showed an advantage of d =0.28,
90% CI [0.18, 0.37] at pretest and a similar advantage of d =0.25,
90% CI [0.15, 0.35] at posttest. The ClIs of the effect of condition
in Table 1 were clearly above O at both time points, corroborating a
positive effect. Regarding our first RQ, we concluded that the poten-
tial of the intervention (i.e., having received the basic curriculum units
in elementary school) was revealed at both the pre- and posttest.

Another aspect of RQ1 was to examine whether students in the
two conditions differed in their learning gains from pre- to posttest.
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Figure 9
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Distributions of Scores on Hydrostatic Pressure and Buoyancy Force Pre- and Posttests in

Control Group and Intervention Group

Control group

261
251

201 one

Sum score (max. = 26)

Intervention group

26
25

20

15

10

Pretest Posttest

Pretest Posttest

Note. Violin shapes indicate densities of score distributions, overlaid with boxplots. Points above and
below distributions indicate outliers. Squared points represent mean values, and lines connecting squared
points visualize changes between pre- and posttests. max. = maximum.

Descriptively, students in the control group yielded a gain of
d=1.12, 90% CI [1.06, 1.17], and those in the intervention
group yielded a gain of d = 1.15, 90% CI [1.07, 1.23]. To compare
these gains between conditions, we implemented a Bayesian hier-
archical repeated-measures ANOVA. In addition to the main
effects of time (pre- vs. posttest) and condition (control vs. inter-
vention group) and the interaction of these two variables, we
added a random intercept for each student. This model structure
represented a typical repeated-measures ANOVA (Field et al.,
2012). We also added additional random effects as described in
the Analytic Approach section to model the multilevel structure.

Table 1

Results From Bayesian Multilevel t Tests Comparing Hydrostatic
Pressure and Buoyancy Force Pretest and Posttest Scores Between
Conditions

Parameter Estimate Error 90% CI
Pretest
Intercept 9.18 21 [8.86, 9.52]
Condition 0.78 .30 [0.29, 1.25]
Posttest
Intercept 14.15 31 [13.64, 14.65]
Condition 1.14 37 [0.55, 1.76]

The results from this model are presented in Table 2. As apparent
from Figure 9 and confirmed by the model estimates in Table 2, stu-
dents in both conditions gained similarly. Whereas the positive
effect of condition confirmed that the students in the intervention
group showed generally higher scores than those in the control
group, this effect was similar at both time points. This similarity
is indicated by the CI for the interaction between time and condi-
tion, which clearly includes O and excludes larger estimates. These
results support the “continuous effect” hypothesis (Figure 1), accord-
ing to which students in the intervention group would outperform
those in the control group at both time points to a similar extent.

Table 2

Results From Bayesian Repeated-Measures Multilevel Model Regressing
Hydrostatic Pressure and Buoyancy Force Test Scores on Time,
Condition, and Their Interaction

Parameter Estimate Error 90% CI
Intercept 9.17 .40 [8.84, 9.52]
Time 4.99 .33 [4.46, 5.54]
Condition 0.81 31 [0.32, 1.34]
Time x Condition 0.31 .39 [—0.33, 0.95]

Note. Error indicates standard deviation of the estimate (comparable to
standard error). The intercept represents the estimate in the control group.
Random effects capturing the multilevel structure are available from the
additional online materials which are available at the OSF page (https:/osf
.10/94rxq/). CI = credible interval; OSF = Open Science Framework.

Note. Error indicates standard deviation of the estimate (comparable to
standard error). Intercept represents estimate in control group at pretest.
Random effects capturing the multilevel structure are available from the
additional online materials which are available at the OSF page (https:/osf
.10/94rxq/). CI = credible interval; OSF = Open Science Framework.
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The multilevel nature of the model allows us to determine whether
the interaction between time and condition differed across teachers
and their school classes. The model estimate indicated variation in
the interaction effect across teachers and their classrooms, with an
estimated variance of 6 = 1.56. This value indicates rather large var-
iation in the intervention effect among classrooms. Translating this
value into Cohen’s d scaled at the pooled standard deviation from
the pretest, the model predicts treatment effects to encompass a
range from d = —0.58 to d = 0.75 for 95% of classrooms.

We also conducted an additional exploratory analysis because the
violin plots (Figure 9) indicated between-condition differences in the
distribution of the posttest. The top end seemed to be more populated
in the intervention group than in the control group. To descriptively
examine this impression, we compared the proportion of students
reaching a value in the highest quartile at posttest between conditions.
For the entire sample, the percentile rank of 75 in the posttest on hydro-
static pressure and buoyancy force corresponded to a score of 18.
Nineteen percent of the participants in the control group and 42% of
the participants in the intervention group scored above 18. This post
hoc analysis suggests that prior knowledge gained from the basic cur-
riculum units may have helped students attain high achievement.

The results of gender differences are presented in the Appendix. In
both groups, males slightly outperformed females in the pre- and the
posttest on hydrostatic pressure (d = 0.10-0.20). There was no inter-
action between gender, condition, and time, with confidence intervals
excluding large effects. Thus, no gender-specific effects of early phys-
ics education on more advanced learning could be detected.

RQ2: Do Students From the Intervention Group Achieve
Higher Learning Outcomes Than Students From the
Control Group After Controlling for Knowledge at Pretest?

In addition to comparing learning gains with the repeated-
measures ANOVA presented for RQ1, we examined whether
students from both conditions with similar knowledge about hydro-
static pressure and buoyancy force at pretest showed comparable or
different performance at posttest. To this end, we fitted a regression
model in which we controlled for students’ pretest knowledge and
added a main effect of condition.

As shown in Table 3, the results indicated a positive effect of con-
dition when controlling for the pretest. That is, students from the
intervention group who started with the same knowledge at pretest
as those in the control group could be expected to end up with an
advantage of 0.81 points (a Cohen’s d of 0.18) on the posttest.
Despite students in both conditions gaining comparable amounts
of knowledge from pre- to posttest (see results from RQ1), students
in the intervention group who started with the same knowledge score
as those in the control group achieved higher knowledge scores at
posttest. In the discussion, we will go into more detail about how
these diverging results regarding RQs 1 and 2 can be interpreted.
As seen in the Appendix (Table A3), this analysis also did not reveal
an interaction between gender and condition.

RQ3: Can Transfer Effects Be Traced Back to
Overlapping Conceptual Knowledge Between the Basic
Curriculum Units and the Advanced Curriculum Unit?

To examine whether the effects of the early physics instruction
could be traced back to overlapping conceptual knowledge (of the
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Table 3

Results From Bayesian Multilevel Model Regressing Hydrostatic
Pressure and Buoyancy Force Posttest Score on Pretest Score and
Condition

Parameter Estimate Error 90% CI
Intercept 10.13 40 [9.49, 10.81]
Pretest 0.44 .03 [0.39, 0.48]
Condition 0.81 35 [0.24, 1.37]

Note. Error indicates standard deviation of the estimate (comparable to
standard error). Random effects capturing the multilevel structure are available
from the additional online materials which are available at the OSF page
(https:/osf.io/94rxq/). CI = credible interval; OSF = Open Science Framework.

floating and sinking and the air and atmospheric pressure units
with the advanced curriculum unit), we implemented two multilevel
multiple regression models to model the performance of the 433 par-
ticipants of the intervention group.

The results from the two models are presented in Table 4. In the
first model, we predicted students’ posttest scores on the test on
hydrostatic pressure and buoyancy force from their posttest scores
from the basic curriculum units on floating and sinking and air
and atmospheric pressure. In addition, we controlled for students’
pretest scores on hydrostatic pressure and buoyancy force. The
model showed that students’ scores on the tests from these two
basic curriculum units could indeed predict their learning achieve-
ment on the advanced curriculum unit beyond their pretest scores
in the advanced curriculum unit. Both tests had standardized regres-
sion weights of 0.13, with CIs excluding zero (Table 4).

In a second step, we added the posttest scores on the other two basic
curriculum units to the model to see whether these would have lower
regression weights. As shown in Table 4, these tests did not further
predict students’ achievement on the hydrostatic pressure and

Table 4

Results From Stepwise Standardized Bayesian Multiple Regression
Model, Regressing Hydrostatic Pressure and Buoyancy Force Posttest
Score on Pretest Score and on Posttest Achievement in the Floating
and Sinking and Air and Atmospheric Pressure Curriculum Units
(Step 1), With Additional Control for Posttest Achievement in the
Sound and the Spreading of Sound and Stability of Bridges Units
(Step 2)

Parameter Estimate  Error 90% CI
Step 1
Intercept 0.18 .08  [0.04, 0.32]
Pretest 0.32 .05 [0.25,0.40]
Floating and sinking posttest 0.13 .06 [0.03, 0.24]
Air and atmospheric pressure posttest 0.13 .06 [0.02,0.23]
Step 2
Intercept 0.11 11 [-0.07,0.29]
Pretest 0.25 .07 [0.14,0.37]
Floating and sinking posttest 0.15 11 [-0.01, 0.33]
Air and atmospheric pressure posttest 0.11 .10 [-0.05, 0.27]
Sound and the spreading of sound 0.04 .09  [-0.11,0.18]
posttest
Stability of bridges posttest 0.02 .09  [-0.13,0.16]

Note. Error indicates standard deviation of the estimate (comparable to
standard error). All variables are z-standardized. CI = credible interval.
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buoyancy force posttest. These results indicate that content-specific
transfer was the reason for the effect of the basic curriculum units.

Discussion

Are basic physics units in elementary school a means to prepare sec-
ondary school students’ understanding of more advanced physics con-
cepts? On the basis of the results of this quasi-experimental randomized
intervention study conducted in 60 classrooms of early secondary
schools, the answer is a yes; even 3 years later, on average, students ben-
efit from early physics education. Our design was based on the idea of a
spiral curriculum (Ireland & Mouthaan, 2020), in which the content
needs to be structured such that complex concepts can be understood
at a simplified level first and then revisited at more complex levels
later. In our study, a spiral curriculum was implemented to promote con-
ceptual understanding of floating and sinking and air and atmospheric
pressure. When the children were in secondary school, concepts were
revisited in an advanced unit on hydrostatic pressure and buoyancy
force presented by new teachers who were not aware of the basic cur-
riculum units and did not know which of their students had received
them. Our pre—post design allowed us to address RQ1, in which we
asked when prior knowledge unfolds its potential. The intervention
group outperformed the control group in the pretest. This was the
case even though the pretest did not contain any items that were iden-
tical to the materials or tests applied in elementary school. It seems that
the problems presented in the tests activated prior knowledge and stim-
ulated reasoning processes that increased performance. The posttest
results showed that both groups benefited considerably from the hydro-
static pressure and buoyancy force unit, indicating that prior knowledge
had a constant effect on future learning. This result fits the “continuous
effect” hypothesis, which states that learners in the intervention group
started at a higher level because their prior knowledge (even without
particular activation by hints about the basic curriculum units) allowed
them to draw conclusions when working on the pretest.

A different perspective on the data were pursued with RQ2, in
which we asked whether students from the intervention group achieve
higher learning outcomes than students from the control group after
controlling for knowledge at pretest (Liidtke & Robitzsch, 2022).
To answer this question, we varied the analytic approach by modeling
whether a significant amount of variance in learning outcomes of the
advanced curriculum could be traced back to receiving the basic cur-
riculum units in elementary school after controlling for the pretest on
hydrostatic pressure and buoyancy force. The results indicated that
learners who started with similar knowledge in the intervention
group outperformed their peers from the control group at posttest.

The apparent difference between the outcomes of the two statistical
approaches (repeated measures vs. pretest-as-covariate) is well known
and is labeled Lord’s paradox (Pearl, 2016). Recent work has made
advances in reconciling the apparent contradictions of the two
approaches (Kohler et al., 2021; Liidtke & Robitzsch, 2022; Pearl,
2016). Which statistical model is appropriate depends on the RQ
and the assumptions made in the models. Since in our design the
first intervention (i.e., the basic curriculum units) had taken place
before the pretests of the more advanced curriculum unit, pretest dif-
ferences were not the result of a sampling bias but rather characterized
different learning opportunities. Therefore, it can be assumed that both
approaches deliver informative and unbiased results (Liidtke &
Robitzsch, 2022), but they differ because they answer different ques-
tions. To better understand the differences in the results, it is helpful to
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refer to the concepts of mediation analysis. As Pearl (2016) notes, the
repeated-measures approach indicates the total effect of the early
physics curriculum units on learners’ gains on the advanced curricu-
Ium unit. The total effect worked partly indirectly through differences
at pretest and partly directly on the posttest. Both effects together
yielded an overall (i.e., total) effect close to zero that was visible in
our repeated-measures model.

The ANCOVA approach, in contrast, models only the direct effect
of the basic units on posttest achievement, controlling for effects via
the pretest (Pearl, 2016). This direct effect was clearly positive, as
evident from our analyses regarding RQ2. What do these insights
from comparing the two models imply regarding the efficacy of our
intervention? Overall, the models show that despite leading to largely
comparable learning gains during the intervention, early physics
instruction helped learners achieve higher learning outcomes at post-
test. Thus, what it means to achieve a positive treatment effect can be
interpreted differently, as shown in the two statistical approaches, but
overall, early physics education clearly benefitted the learners.
Although the two analyses revealed different benefits of the treatment
effect (the difference at pretest vs. the pretest-controlled outcome), the
finding that both analytic approaches showed positive effects shows
robustness (Schweinsberg et al., 2021). This also concerned the
effects of our early physics education on gender differences. In neither
of the two analyses did we find specific beneficial effects for female or
male students in the intervention group; male and female students
were equally prepared for future learning by early physics instruction.

The ANCOVA applied to answer RQ2 indicates the importance of
prior knowledge for future learning. If both groups start with the same
knowledge at pretest, children who receive the basic curriculum units
are likely to benefit more from the advanced curriculum unit in hydro-
static pressure and buoyancy force than those who do not. The longi-
tudinal design of our study allows us to go beyond the impact of the
pretest to pinpoint learning transfer based on conceptual knowledge.
The source of transfer was addressed in RQ3. Our results revealed
that we could trace transfer effects to overlapping conceptual knowl-
edge. The intervention group received four basic physics curriculum
units in elementary school, with two of them (floating and sinking,
air and atmospheric pressure) sharing conceptual overlap with the
advanced curriculum unit while the other two (stability of bridges,
sound and the spreading of sound) did not. In our study, conceptual
overlap was prepared by offering early learning opportunities that
shifted children’s attention from “objects being pulled upward” to
the concept of mutual pressure between objects and the medium
(e.g., air or water) in which they are located, and the resulting buoyancy
force that pushes them upward. Regression analyses for the interven-
tion group revealed that the superiority of the intervention group
could be traced back to the content-specific transfer of concepts
because only the tests on the overlapping units predicted achievement
in the advanced curriculum unit. Studies have confirmed that overlap-
ping knowledge constitutes transfer (Barnett & Ceci, 2002), but many
studies have focused on common ground in procedures or facts. We
provide evidence that learners can make use of the opportunity to trans-
form basic conceptual understanding into more advanced knowledge.

Implications and Limitations

The present results counter an overly pessimistic view on transfer of
learning (e.g., De Bruyckere et al., 2020; Detterman & Sternberg,
1993). As discussed in the introduction, it has not been easy in
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experimental short-term studies to show that previously acquired
knowledge is used in new situations (Barnett & Ceci, 2002; Lobato
& Hohensee, 2021). Expecting newly acquired knowledge to be imme-
diately recognized as suitable for solving a new problem may be overly
ambitious. In our longitudinal field study, learners were given exten-
sive training in elementary school with the basic curriculum unit
(14-16 lessons each) as well as in secondary school with the advanced
curriculum unit (six lessons). With the lectures naturally spread over
some time (since only a few lessons per week were devoted to physics
education, especially in elementary school), the children had opportu-
nities to frequently reactivate and restructure their knowledge. Based
on our findings, we suggest that research on knowledge transfer has
a chance of solid and realistic outcomes if longitudinal designs with
more extensive training are applied. Such designs also have much
higher external validity than short-term interventions given the way
lesson plans and school curricula are designed.

The intervention group’s advantage in the advanced curriculum unit
was significant, but given d = 0.28 at pretest and d = 0.25 at posttest, it
might not appear overwhelmingly large according to traditional stan-
dards (Lord, 1967). However, these standards have been frequently crit-
icized (see, e.g., Bakker et al., 2019) since they do not reflect realistic
expectations about the effect sizes found in (quasi) experimental
designs (Schifer & Schwarz, 2019), and they fail to consider that stud-
ies differ in designs and aims (Bakker et al., 2019; Kraft, 2020). In com-
parison to meta-analytic findings from studies examining the effects of
inquiry-based approaches on students’ learning, our effects appear
promising. One meta-analysis reported larger average effect sizes of
d=0.65 (Schroeder et al., 2007) and d=0.65 for teacher-guided
inquiry settings (Furtak et al., 2012). These meta-analyses all focused
on short-term elementary learning outcomes of a broad variety.
Other meta-analyses reported more modest effect size estimates. For
example, Hattie’s (2008) meta-meta-analysis reported an average effect
of d=0.50 on students’ achievement, but with important nuances.
That is, meta-analyses that distinguish between effects on different out-
comes generally report stronger effects on process outcomes (i.e.,
inquiry skills; d=0.52 in Bredderman, 1983; d=0.40 in
Shymansky et al., 1990) than on content knowledge (Bredderman,
1983: d=0.16; Shymansky et al., 1990: d=0.26). Hattie infers
(2008, p. 377) that “[i]lnquiry learning seems more successful for
improving inquiry skills, but maybe other methods are needed to
also add more positive effects on content and surface knowledge.”
Our study employed an innovative method to test this conjecture.
Although our effects do not reach the extent of some well-known stud-
ies that have found large effects of guided inquiry on content knowl-
edge (e.g., Hardy et al., 2006), it is important to consider that our
effects capture knowledge transfer over multiple years and across differ-
ent learning contexts and that they require transfer to an advanced topic;
thus, they appear to be of notable magnitude for theory and practice.

The effects of our study must be further interpreted in light of the
realistic context in which our study was conducted. All curriculum
units were applied in real classrooms by the normal teachers.
Although the teachers underwent the same training, our multilevel
analyses showed that their potential in implementing the target units
differed. Achievement differences at the classroom level may reflect
teachers’ characteristics or the student composition of the classroom.
Future research is needed to identify the causes of the differences
among classrooms. These differences might encompass factors such
as teachers’ pedagogical beliefs, their implementation of instructional
techniques such as scaffolding, or the quality of their verbal
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interactions with students, all of which have been found to affect
teaching and learning in inquiry-based instruction in (early) physics
(Hadley et al., 2022; Herrmann et al., 2021; Kleickmann, 2008;
Kleickmann et al., 2010; Studhalter et al., 2021).

Moreover, to give the control group a fair chance, the target curricu-
lum was designed as a stand-alone teaching unit. Accordingly, the prior
knowledge acquired in elementary school could help students under-
stand the content from the advanced curriculum unit (as shown by
the present results), but the unit was designed to introduce all relevant
aspects to avoid intrinsically disadvantaging children from the control
group. Our goal was to determine whether having learned basic aspects
at an earlier time would nonetheless be supportive. It is likely that group
differences would have been larger if the teachers of the advanced cur-
riculum unit had knowledge about the basic curriculum units to provide
them with the opportunity to make direct references to their content and
thus to provide hints for the students. However, this knowledge would
have been in conflict with our goal of investigating the impact of a spiral
curriculum under realistic school conditions. In Switzerland, and many
other countries, elementary and secondary students are taught by differ-
ent teachers who receive different trainings in their teacher education,
and the two groups often have little opportunity for exchange. The vis-
ible yet moderate effects achieved in our study indicate that the idea of a
spiral curriculum, which is, for example, visible in the Next Generation
Science Standards (National Research Council, 2013), might contribute
to improved learning outcomes. In addition, our post hoc analysis sug-
gested that prior knowledge gained from the basic curriculum units may
have helped students attain high achievement. In the posttest on hydro-
static pressure and buoyancy force, the percentage of high-performing
students (percentile rank > 75) was more than twice as high in the
intervention group (42%) than in the control group (19%). Learners
obviously differ in the extent to which they benefit from the early learn-
ing opportunities. Future research should explore the reasons for such
interindividual variation. This requires taking cognitive and motiva-
tional characteristics as well as factors specific to each learning environ-
ment into account.

Overall, although our effects sizes appear moderate, they should be
seen in light of the transfer distance across time and context (Barnett &
Ceci, 2002). Furthermore, given the design characteristics of our study,
they are in line or even above the effects that can be expected in larger
field trials (Kraft, 2020; Schiefer et al., 2021). From these perspectives,
investing in spiral curricula might be worth the effort, particularly when
considering that factors other than content knowledge (e.g., attitudes,
beliefs, and skills) might also be beneficial. The idea of spiral curricu-
lum was proposed by Bruner (1960) before contemporary cognitive
theories of learning by knowledge construction were developed.
While Bruner concentrated on changes in the mode of representation
(enactive, iconic, symbolic), later theories focused on the lengthy and
arduous process of restructuring knowledge so it allows for complex
problem solving and flexible transfer. Theories on conceptual change
as well as the preparation for future learning approach emphasize that
it is unrealistic to assume leaps in learning gains, no matter how stim-
ulating the learning environments are. However, a stimulating learning
environment for early science education can encourage learners to think
further and question their beliefs as they are repeatedly exposed to top-
ics with overlapping concepts embedded in different contexts. Future
research should focus on the process of revising knowledge in the
short term immediately after the teaching unit as well as in the long
term. As the intervention group already showed better performance
compared to the control group in the pretest on hydrostatic pressure,
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at least part of the learners managed to preserve conceptual understand-
ing developed in the basic curriculum units across several years. What
exactly may have caused this long-term retention is an exciting direc-
tion for future research. Such research should include conative process
factors likely to modulate science learning, such as self-concept, inter-
est, and motivation, as well as moderating factors explaining variation
in transfer such as the intellectual investment trait need for cognition
(Liu & Nesbit, 2024).

By showing the content-specific long-term effects of early physics
instruction, our study can inform decisions about the topics to be
addressed in early science curricula. Many early science curricula
aim to promote domain-general competencies such as the under-
standing of inquiry and the control of variable strategy, but choosing
an area that fits a spiral curriculum can have a double benefit (i.e.,
benefiting also science content knowledge) in the long run.
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Appendix

Impact of the Order of Instruction of the Basic Curriculum Units on Achievement on the
Advanced Curriculum Unit

To examine whether the order in which the basic curriculum units
were instructed affected learners’ achievement on the advanced curricu-
lum unit, we implemented a multilevel regression model similar to that
used for RQ2 (ANCOVA approach). As shown in Table Al, posttest
achievement on the hydrostatic pressure and buoyancy force unit, con-
trolling for pretest achievement on the same unit, was not affected by
the order in which the basic curriculum units were instructed
(i.e., which unit was instructed first). In comparison to students who
received instruction on the topic of air and atmospheric pressure first,
those who received instruction on the sound and the spreading of
sound or the stability of bridges first descriptively had higher scores on
the posttest, although with credible intervals including 0. One explana-
tion for such an effect might be that when the basic curriculum units
with lower relevance for the advanced curriculum unit are introduced
first, the more relevant units will be introduced later and thus in closer
proximity to the advanced curriculum unit.

Impact of Time Gap on Achievement on the Advanced
Curriculum Unit

To examine whether the average time gap between the basic curric-
ulum units and the advanced curriculum unit affected learning transfer,
we implemented a multilevel regression model similar to that used for
RQ2 (ANCOVA approach). As shown in Table A2, posttest achieve-
ment on the advanced hydrostatic pressure and buoyancy force cur-
riculum unit, controlling for pretest achievement on the same unit,
appeared lower for students with a longer time gap between the
basic units and the advanced curriculum unit. The credible interval
of the effect of the time gap included 0, so a lack of effect of the
temporal distance should not be ruled out, although the effect esti-
mate was clearly in the expected direction (i.e., negative, indicating
that a longer time gap diminished learning transfer).

Gender Differences in Learning Transfer From the Basic
to Advanced Curriculum Units

We present details of the analyses concerning gender differences in
learning gains (extending the model from RQ1) as well as in achieve-
ment controlling for pretest differences across conditions (extending the
model from RQ2). Before adding the effects of gender to the respective
models, we first descriptively compared the mean achievement of males
and females at pre- and posttest. Gender differences in the two condi-
tions at pre- and posttest are depicted in Figure Al. At pretest, boys
had an advantage of d =0.14 in the intervention group and d = 0.20
in the control group. At posttest, boys had an advantage of d =0.10
in the intervention group and d=0.10 in the control group. These
descriptive analyses indicate a minor advantage for boys in both condi-
tions that remained mostly stable in both conditions, although with a
slight decrease from pre- to posttest.

Next, we compared the effect of the intervention on students’ learn-
ing gains between genders. With this approach, we wanted to determine
whether learning with the basic curriculum units mitigates gender dif-
ferences, leaves them unaffected, or even favors students of either gen-
der in the sense of a rich-get-richer effect. To statistically examine this

Table A1

Results From Bayesian Multilevel Model Regressing Hydrostatic
Pressure and Buoyancy Force Posttest on Pretest and on the First
Basic Curriculum Unit Instructed

Parameter Estimate  Error 90% CI
Intercept 11.99 72 [9.81, 11.93]
Pretest 0.44 .05 [0.36, 0.53]
Floating and sinking first 0.02 83 [—1.38,1.35]
Sound and the spreading of sound first 0.33 1 [—0.85, 1.47]
Stability of bridges first 1.05 .70 [—0.14, 2.17]

Note. The intercept indicates the estimated posttest score for students who
received the air and atmospheric pressure curriculum unit first and had zero
points of pretest knowledge. Error indicates standard deviation of the
estimate (comparable to standard error). Random effects capturing the
multilevel structure are available from the additional online materials
which are available at the OSF page (https:/osf.i0/94rxq/). CI = credible
interval; OSF = Open Science Framework.

question, we extended the repeated-measures ANOVA model from
RQ1. We added main effects as well as two-way and three-way inter-
action terms of gender to this model. The three-way interaction term
between time (pre- vs. posttest), condition (control- vs.
intervention group) and gender (female vs. male) indicates whether
learning with the basic curriculum unit affected genders similarly.
As shown by the results in Table A3, the three-way interaction had
a negative estimate, indicating a less strong intervention effect for
males than for females. The credible interval of this effect did,
however, include 0, indicating that an effect of zero cannot be
excluded. Thus, being prepared with the basic curriculum units
in elementary school did not have a clear effect on gender differ-
ences for the advanced curriculum unit, although the point estimate
of the interaction indicated a slightly stronger intervention effect
for female learners.

Finally, we also extended the model from RQ2 with the effects of
gender to examine whether when controlling for pretest differences
between conditions, posttest achievement was affected similarly by
the condition for male and female learners. The results from this
model, extending the Bayesian multilevel ANCOVA model with a
main effect of gender and its interaction with condition, are pre-
sented in Table A4.

As shown in Table A3, male students tended to show higher post-
test achievement than female students in the control condition, and
this effect appeared to be lower in the intervention condition.

Table A2

Results From Bayesian Multilevel Model Regressing Hydrostatic
Pressure and Buoyancy Force Posttest on Pretest and Average
Time Gap to Basic Curriculum Units

Parameter Estimate Error 90% CI
Intercept 12.29 .96 [10.73, 13.88]
Pretest 0.43 .05 [0.34, 0.52]
Time gap —0.31 24 [—0.69, 0.08]

Note. Error indicates standard deviation of the estimate (comparable to
standard error). Random effects are not reported. CI = credible interval.

(Appendix continues)
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Distributions in the Control and Intervention Groups for the Hydrostatic Pressure and
Buoyancy Force Pre- and Posttest Across Genders

Control group

Intervention group

261 26
201 20
15 o 15
<> g
o
10 - @ 10
g
n 97 5
5
§, 0 0
0 26 26
]
8]
(2]
£ 201 20
j
()
151 = 15
o
101 ® 110
51 5
L ]
01 0
Pretest Posttest Pretest Posttest

Note. Violin shapes indicate densities of score distributions overlaid with boxplots. Points above and
below distributions indicate outliers. Squared points represent mean values, and lines connecting squared
points visualize changes between pre- and posttests. max. = maximum.

Table A3

Results From Bayesian Repeated-Measures Multilevel Model
Regression of Hydrostatic Pressure and Buoyancy Force Test Scores
on Time, Condition, Gender (Female =0, Male=1), and Their
Interactions

Parameter Estimate Error 90% CI
Intercept 8.77 25 [8.36, 9.17]
Time 5.07 .39 [4.42,5.71]
Condition 0.88 .38 [0.23, 1.50]
Gender 0.79 .26 [0.36, 1.22]
Time x Condition 0.37 52 [—0.49, 1.21]
Time x Gender —0.15 42 [—0.82, 0.54]
Condition x Gender —0.15 48 [—0.94, 0.64]
Time x Condition x Gender —0.23 .66 [—1.34, 0.89]

Note. Error indicates standard deviation of the estimate (comparable to
standard error). Intercept represents the estimate in female leamers in the
control group at pretest. Random effects capturing the multilevel structure are
available from the additional online materials which are available at the OSF
page (https:/osf.io/94rxq/). CI=credible interval; OSF=Open Science
Framework.

Similar to the repeated-measures model presented in Table A2, the
interaction effect included 0. This result confirms that the effect of
condition was similar for male and female learners, although the

Table A4
Results From Bayesian Multilevel Model Regressing Hydrostatic

Pressure and Buoyancy Force Posttest on Pretest, Condition, and
Gender

Parameter Estimate Error 90% CI
Intercept 10.00 42 [9.30, 10.66]
Pretest 0.43 .05 [0.38, 0.48]
Condition 1.02 42 [0.31, 1.68]
Gender 0.26 .33 [—0.27, 0.82]
Condition x Gender —0.33 51 [—1.13, 0.54]

Note. Error indicates standard deviation of the estimate (comparable to
standard error). Intercept represents female students in the control condition.
Condition coded as control group =0, intervention group = 1. Gender coded
as female =0, male = 1. Random effects capturing the multilevel structure
are available from the additional online materials which are available at the
OSF page (https:/ost.io/94rxq/). CI = credible interval; OSF = Open Science
Framework.

point estimate of the interaction indicated a potentially stronger inter-
vention effect for females.

Received January 20, 2023
Revision received March 15, 2024
Accepted April 25,2024 m


https://osf.io/94rxq/
https://osf.io/94rxq/
https://osf.io/94rxq/
https://osf.io/94rxq/
https://osf.io/94rxq/
https://osf.io/94rxq/

	Preparation for Future Conceptual Learning: Content-Specific Long-Term Effects of Early Physics Instruction
	Outline placeholder
	Preparation for Future Learning by Implementing Spiral Curricula
	Making Knowledge Usable for Transfer
	Design and Research Questions (RQs) of the Present Study
	Transparency and Openness

	Method
	Participants
	Procedure: The Curriculum Units and Their Implementation
	Four Basic Curriculum Units for Elementary School Physics Education
	Advanced Curriculum Unit on Hydrostatic Pressure and Buoyancy Force
	Relations Between the Basic Curriculum Units and the Advanced Curriculum Unit
	Assessments
	Analytic Approach

	Results
	RQ1: When Does Prior Conceptual Knowledge Unfold Its Potential?
	RQ2: Do Students From the Intervention Group Achieve Higher Learning Outcomes Than Students From the Control Group After Controlling for Knowledge at Pretest?
	RQ3: Can Transfer Effects Be Traced Back to Overlapping Conceptual Knowledge Between the Basic Curriculum Units and the Advanced Curriculum Unit?

	Discussion
	Implications and Limitations

	References&?show [AQ ID=AQ26]?;
	Impact of the Order of Instruction of the Basic Curriculum Units on Achievement on the Advanced Curriculum Unit
	Impact of Time Gap on Achievement on the Advanced Curriculum Unit
	Gender Differences in Learning Transfer From the Basic to Advanced Curriculum Units




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /None
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /None
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.36000
    9.36000
    9.36000
    9.36000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


