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Abstract
The project “Comparative Studies into Teaching Approaches for Mathematical Modelling” (CoSTAMM) has so far involved
a total of 453 participants in four studies, all focused on fostering students’ mathematical modelling competency through
different learning environments, consisting of the same five-lesson modelling unit and two different teaching styles (“method-
integrative” versus “teacher-directive”) which represent certain elements of quality teaching. All studies followed the same
pre-post-test intervention design with the same instruments but differing in their educational contexts. Three studies were
implemented at the tertiary level in South Africa, and one study at the secondary level in Germany. Against this background,
this paper examines the question to what extent differential effects of the interventions may be explained by the implemented
specific learning environment or by the specific educational context. For this purpose, all studies were integrated into a
comparative linear mixed model and analysed at once. An additional qualitative evaluation of the participants’ responses to
the test items was carried out to supply deeper insights. Overall, the modelling unit proved to be effective independently of
the educational context, and more effective for the groups that followed the method-integrative teaching style. This paper
thus provides empirical evidence that an educational intervention can effectively be transferred from one context to another
while yielding simultaneously positive learning gains.

Keywords Comparative studies · Educational context · Mathematical modelling competency · Method-integrative teaching
style · Modelling unit · Teacher-directive teaching style

1 Theoretical Background and Research
Question

Mathematical modelling competency is the ability to con-
struct and to use mathematical models for solving real-world
problems, as well as to analyse or to compare such mod-
els (Niss & Højgaard, 2019). Fostering this competency, re-
lated to models which are accessible at certain educational
levels, is an important goal of mathematics teaching around
the world, in school as well as in university studies where
mathematics plays a role. We know from a multitude of em-
pirical studies that this goal is not at all easy to achieve

(for an overview on empirical results see Niss & Blum,
2020, Chap. 6, and for recent research, in particular, Car-
reira & Blum, 2021a; Kaiser & Schukajlow, 2022; Schuka-
jlow et al., 2023; Siller et al., 2024). Mathematical knowl-
edge, skills and abilities are necessary but not sufficient for
acquiring modelling competency. Much more is needed, in
particular well-planned learning environments which fulfil
essential criteria of quality teaching.

There is dense empirical evidence that the well-known
quality criteria for effective mathematics teaching (see
Brunner & Star, 2024; König et al., 2021; Kunter et al.,
2013; Praetorius et al., 2018) are equally relevant for teach-
ing mathematical modelling in particular (see Blum, 2015,
for details). These criteria comprise an effective class-
room management (such as structuring lessons clearly or
using time effectively), orientation towards the learners
(such as linking new content with individual students’ pre-
knowledge or using students’ mistakes as learning opportu-
nities), cognitive and meta-cognitive activation of the learn-
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ers (that is stimulating students’ mental activities, and fos-
tering learning and working strategies), and a demanding or-
chestration of topics. What is often underestimated in teach-
ing is the crucial role of meta-cognition for learning (see, for
example, meta-cognition as a facet of cognitive activation,
Praetorius et al., 2018), also and especially for the learn-
ing of mathematical modelling (for an overview see Vorhöl-
ter, 2024). Several studies have shown the benefits of meta-
cognitive strategies, also at the tertiary level (e.g., Wedelin
et al., 2015). The teaching of mathematical modelling seems
to be particularly effective if instructional elements (that
is well-designed modelling units, minimal-adaptive teacher
guidance, and meta-cognitive support of students) and con-
structional elements (that is independent modelling activi-
ties of students, and their use of suitable strategies) are ap-
propriately intertwined (Schukajlow & Blum, 2023; for sim-
ilar findings from science teaching see De Jong et al., 2023).
Especially important here are strategic teacher interventions
which help students to overcome cognitive barriers with-
out losing their independence (Leiss et al., 2010; Stender
et al., 2017). A recent study at the tertiary level (Spooner,
2024) confirms how important it is for students’ learning
of mathematical modelling that teachers find a balance be-
tween letting students work independently and giving non-
prescriptive guidance when necessary, including a lesson
where the teacher demonstrates as a “model” (Brown et al.,
1989) how modelling tasks can be solved. Similarly, Hidayat
et al. (2025) also identify a need for instructional strategies
to enhance the effectiveness of mathematical modelling in-
struction.

However, a caveat is always necessary when it comes
to general statements about teaching effects because any
learning is always situated (Watson, 1998) and thus depends
on the specific learning context (the content, the tasks, the
teaching methods, the students and teachers, the culture,
etc.). What works under certain conditions, in a sample or in
a study, does not necessarily work equally well in different
contexts, be it because cultural specificities come into play
(the importance of which has been emphasised already by
Bishop, 1988), be it due to certain specifics of a study which,
if possible, need to be identified and clearly named, or be it
simply due to chance. This poses a challenge not only for
social science research in general to ensure the replicabil-
ity of results (Cai et al., 2018; Wiggins & Christopherson,
2019), but also for research on mathematical modelling in
particular. Accordingly, Cevikbas et al. (2022) and Schuka-
jlow et al. (2018) call for comparative studies on the teach-
ing and learning of mathematical modelling where the same
research design is transferred to a different educational con-
text (as an example where the same Fermi tasks were given
to students in different countries and cultures see Ärlebäck
et al., 2024) or where certain elements such as a sequence of
tasks are the same and certain elements such as the teaching
style are varied.

To our knowledge, no study in mathematical modelling
to date has used the same intervention, the same study de-
sign, and the same evaluation approaches in different ed-
ucational contexts (e.g., study programmes, countries, or
school levels) in order to test and to compare their respec-
tive effectiveness or to identify optimal conditions. This is
where this paper comes in by taking advantage of the op-
portunity to simultaneously analyse data from four individ-
ual studies of the CoSTAMM project (“Comparative Stud-
ies into Teaching Approaches for Mathematical Modelling”,
see Sect. 2.1), in each of which the same study design with
the same modelling unit and the same two teaching styles
(‘method-integrative’ and ‘teacher-directed’), hence with
two different learning environments (described in Sect. 2.3),
was used, but the target populations were exploratively var-
ied due to different ad hoc survey opportunities, so that four
different educational contexts (three with South African ter-
tiary students and one with German secondary students, see
Sect. 2.2) were involved. Aspects resulting from cultural
differences between these two countries are discussed in
Sects. 2 and 4 of the paper. The focus is therefore on the
following research questions:

RQ 1: How does the teaching intervention work in each
of the four studies, and how do the effects differ?

RQ 2: Can differences in the effects be attributed to
specifics of the learning environments (in particular the
teaching styles) and/or the educational contexts?

We assumed that all studies show progress in students’
mathematical modelling competency, with a bigger progress
in the intervention groups with the more elaborate teaching
style (the ‘method-integrative’ style). We further assumed
that the educational context has no significant additional in-
fluence on this, and its effects can only be seen in the way the
participants work on and solve individual tasks. Correspond-
ingly, the second research question will be investigated both
from a quantitative and from a qualitative perspective.

2 Design and Methodology

2.1 The CoSTAMM Project

In the CoSTAMM project, launched in 2018 and directed by
the authors of this paper, four studies have been carried out,
three at the tertiary education level in South Africa (one in
2019, see Durandt et al., 2022a, and two in 2022, see Du-
randt et al. 2023, 2024) and one at the secondary level in
Germany (in 2022, see Durandt et al., 2025). The aim of
all four studies was to investigate the effects of two dif-
ferent learning environments, consisting of the same mod-
elling unit and two different teaching styles called “teacher-
directive” and “method-integrative” on the development of
students’ mathematical modelling competency. For this pur-
pose, an identical longitudinal intervention was used in all
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four studies. This comprised an implementation of the two
learning environments (Sect. 2.3) and the same instruments
in the pre- and post-test (Sect. 2.4), which were realised in
the same methodological way but in different educational
contexts (Sect. 2.5) and evaluated identically (Sect. 2.6).
This suggests that a comparative analysis of these four par-
allel studies is possible to examine the effectiveness of the
intervention against the background of different samples
and educational contexts. However, as this joint compar-
ative analysis was not initially the core intention of the
CoSTAMM project, the selection of the samples and the col-
lection of background information were not systematically
oriented towards this, which is why certain limitations are
inherent in this explorative approach (see Sect. 4.2).

2.2 Sample Characteristics

Altogether a total of 453 participants was involved in those
four studies. 235 students were exposed to the method-
integrative (MI) style, and 218 students to the teacher-
directive (TD) style. The first study, in 2019, involved 139
participants (46 MI, 93 TD) from an extended curriculum
programme in engineering at a large public university in Jo-
hannesburg (for the results see Durandt et al., 2022a). The
study was imbedded in the topic area of calculus suitable
for first-year students at the start of their tertiary education.
An extended degree programme is one year longer than the
normal mainstream programme and designed to enable stu-
dents with academic potential, that did not meet the nor-
mal admission requirements of the university, with an op-
portunity to obtain a degree in engineering. Typically, the
first academic year is divided into two study years that con-
tain additional developmental modules and support the stu-
dents through a student-centred teaching and learning expe-
rience.

The second study, in 2022, again had a sample of 201
first-year engineering students (112 MI, 89 TD) from the
same university, but this time from the mainstream pro-
gramme whose entrance requirements are generally higher
than for the extended curriculum programme. Although the
focus of the course content is on calculus, it starts off
with content on pre-calculus (e.g., introduction to func-
tions).

The third study, also in 2022, involved 42 second-year
analytical chemistry students (all MI) again from the same
university, now from a science diploma programme whose
admission requirements are generally lower than for sci-
ence degree programmes. The mathematical content courses
at the university are specifically designed for the profes-
sional development of students (for example, the mathemat-
ics course in the second-year science diploma programme
includes pre-calculus content).

The fourth study was implemented in Germany at the end
of the school year in 2022 on a sample of 71 grade 9 students

(35 MI, 36 TD) from four different schools in the state of
Hesse. The students of all four classes were taught accord-
ing to the official syllabus for grade 9, and thus had a few
experiences with smaller modelling tasks in the context of
linear functions.

The tertiary studies are comparable due the age group
(most students were between 19 and 21 years), the im-
portance of the mathematical topic area of functions and
calculus for the tertiary curricula, and similar contextual
factors. For example, the language of instruction was En-
glish (like the language of instruction at school), although
most students’ home language is a native African language
(e.g., Zulu). The three South-African samples differ in their
mathematical entrance qualifications according to their pro-
grammes, as the results of a diagnostic test (see, for ex-
ample, Durandt et al., 2021) and the pre-test (cf. Table 1)
also suggest. Further, the individual participants in the South
African samples may differ rather significantly in their
school experiences (although no data is available to show
these differences) because SA is a country with huge edu-
cational inequalities, and although students are exposed to
the same mathematics curriculum, they can have very dif-
ferent learning experiences at school (see TIMSS reports,
Reddy et al., 2022). In contrast, the German grade 9 students
were mostly between 14 and 15 years old and the language
of instruction was German, which was also most students’
and the teachers’ home language. An analogous use of the
diagnostic test in the German sample was not possible for
curricular, administrative, and organizational reasons.

In all studies the participation was voluntary (for both
students and teachers), standard ethical procedures were fol-
lowed, and students were not disadvantaged in their formal
course results by the results of the tests.

2.3 Learning Environments: Teaching Styles and
Modelling Unit

The core content of the intervention are modelling learn-
ing environments with two different teaching styles, a
teacher-directed style called “teacher-directive” (TD) and
an independence-oriented style with certain directive ele-
ments called “method-integrative” (MI). Both styles go back
to the DISUM project (for further details on DISUM see
Blum, 2011; Schukajlow et al., 2012) and their effective-
ness was to be investigated not only at the secondary level
(as in DISUM) but also at the tertiary level. Essential ele-
ments of the teacher-directive style (which is widely used in
a similar way in many countries) are

• a systematic change between whole-class teaching (ori-
ented towards the “average student”), and students’ indi-
vidual work in exercises with similar tasks, and

• the development of common solutions guided by the
teacher.
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Fig. 1 (a) ‘Hot-air Balloon’ task, and (b) ‘Aircraft Evacuation’ task

Essential elements of the method-integrative style are

• a balance between students’ independent work and tea-
cher’s guidance by minimal-adaptive (in particular strate-
gic) interventions, aiming at individual student solutions,

• a systematic change between independent work in groups
and whole-class activities, and (as a specific directive el-
ement)

• a demonstration by the teacher how to solve modelling
tasks guided by a meta-cognitive instrument called “So-
lution Plan” which students could subsequently use in the
lessons as a meta-cognitive aid.

The Solution Plan (see Schukajlow et al., 2015), also de-
veloped in DISUM, is a four-step modelling cycle with the
steps “Understanding task”, “Searching mathematics”, “Us-
ing mathematics”, “Explaining result”. Though in its core
independence-oriented, the method-integrative style should
not be confused with what is often called “inquiry-based
learning” because in such conceptions, teachers are often
in a more reserved role, whereas in the method-integrative
style teachers play an absolutely vital role, not only for ex-
plaining and conveying knowledge but also and above all for
supporting students and initiating their thought processes.
We decided to expose both South African and German stu-
dents to this style, independent of their previous experiences
from school, because what ultimately counts for successful
learning is that students are cognitively activated, and more
generally that basic principles of quality teaching are met
(Hattie, 2023).

In addition to those elements mentioned above, essential
criteria for quality teaching (see Sect. 1), especially an effec-
tive classroom management (such as a clear lesson structure
and a recognisable separation of learning and assessment),
a supporting and mistake-friendly classroom climate, and
challenging tasks, were explicitly considered in both teach-
ing styles.

These two styles were implemented in all four studies in
the same modelling unit, which was developed specifically
for this intervention. This unit comprises five lessons (45
minutes each) with the following contents (for details see

Durandt et al., 2022b): In lesson 1 the problem of how much
air is in a balloon shown on a picture (cf. figure 1a), and the
analysis of two real-life graphs, in lesson 2 the modelling of
the growth of the diameter of trees and the evacuation of an
aircraft (as a multiple-choice task, taken from Haines et al.,
2001, cf. figure 1b), in lessons 3 and 4 the problem of the
optimal speed for vehicles in dense traffic, and in lesson 5
the problems of how tall a giant would be to fit the world’s
biggest shoes and how high a statue is whose foot is shown,
as well as two tasks with proportions. All students received
identical tasks in the same order during the implementation.
All tasks in the unit are on the pre-calculus level and con-
tain no culture-specific contexts, which made it possible to
implement the studies in both countries and at both the sec-
ondary and the tertiary level (for examples see Figure 1a and
1b).

2.4 Measuring Instruments

As instruments for assessing performance progress, the pre-
and post-tests were developed specifically for the project
and aligned with the unit, and each contained three sections
A, B, and C: Section A with open modelling tasks, aligned
with lessons 1, 2, and 5 from the unit, such as estimating
the weight of a container (pre-test) or the volume of a straw
roll (post-test) shown on a photo (cf. Figure 2a/b), section B
with mathematical tasks, with topics relevant for lessons 2,
3, and 4, such as identifying direct or inverse proportionality
or handling a rational function, and section C with multiple-
choice modelling tasks selected from the test of Haines et al.
(2001), aligned with lesson 2. So, the tasks in sections A and
C were to assess students’ mathematical modelling compe-
tency, while the tasks in section B were to assess students’
mathematical competency. We decided to have two separate
sections for open and multiple-choice modelling tasks be-
cause the respective tasks are of a different nature insofar
all tasks in section A require to construct appropriate mod-
els whereas all tasks in section C require to choose among
given models. For each test section, two versions with par-
allel items were constructed (for sections A and B) or se-
lected (for section C), whose real-world contexts differ only
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Fig. 2 (a) Pre-test task ‘Weight
of Container’, and (b)
corresponding post-test task
‘Volume of Straw Roll’

slightly, allowing a rotation design and thus a comparison of
the results.

The same coding scheme in the pre- and post-tests was
carried out for all studies. For the open modelling test items
(section A), student answers were marked according to a 3-
mark scale. For example, in the ‘Volume of a Straw Roll’
task (cf. Figure 2b) the solutions were marked as: 0 marks
for no or completely wrong work, 1 mark for making rea-
sonable assumptions related to the height and radius of the
roll, 2 marks for applying, in addition, a correct mathemat-
ical formula to calculate the volume of a cylinder, and 3
marks for making, in addition, an accurate estimation of the
weight and presenting a final answer. For the mathematical
test items (section B), student answers were marked accord-
ing to a fixed memorandum; limited variation in correct an-
swers was only possible in item B3. For the multiple-choice
modelling items (section C), similar to the task presented
in Figure 1b, student answers were marked according to
a fixed memorandum, allowing full and partial credit, and
no variation in marking was possible. This coding scheme
was initially applied independently to the open-ended re-
sponses by at least two subject specialists, postdoctoral re-
searchers in mathematics education, and a satisfactory Co-
hen’s Kappa value of κ = .737 was obtained. Discrepancies
between raters or tricky cases were discussed and finally
coded by consensus.

The codings were summarized per test section and the
overall test into scales and their internal consistencies were
estimated using the McDonald’s Omega reliability indicator
(McDonald, 1999; see Table 1). As in previous reports (e.g.,
Durandt et al., 2022a), one item of the multiple-choice mod-
elling tasks in section C had to be removed from the cor-
responding scale for psychometric reasons (negative part-
whole corrected item-total correlation). Given the intended
broad but time-efficient assessment of modelling compe-
tency with a small number of content-valid, heterogeneous
items, the internal consistencies achieved are low, but quite
usual. This should be considered when interpreting the re-
sults (Schmitt, 1996; Stadler et al., 2021; Taber, 2018) and
suggests a differentiated analysis at item level (Sect. 3.2).

2.5 Implementation

In the three South African studies, the modelling unit was
implemented during official mathematics tutorial class times
by the second author of this paper. She taught all MI and
TD groups except for one TD group in the first study which
was taught by another experienced university teacher. This
was done in close coordination, providing the material, and
following a predefined implementation protocol. All of these
resources were also made available to the German teachers
(in a verified translation) who conducted the study in their
own classes during regular teaching time. For this purpose,
they also received detailed instruction in several preliminary
meetings with the second and third authors of this paper in
order to implement both styles in an optimized form.

According to the teachers’ lesson protocols and their in-
dividual feedback, the implementation of the modelling unit
went according to plan in all four studies. All pre- and post-
tests were administered by the teachers themselves directly
before and after the modelling unit, taking into account the
implementation guidelines (e.g., available processing time
was 45 minutes per test).

2.6 Data Analysis and Availability

Similarities and differences in initial level competency (pre-
test) and in competency development (pre-post-test compar-
ison) between the studies are analysed in linear mixed mod-
els that consider the longitudinal structure of the data at level
2 hierarchised by person (Hilbert et al., 2019; Lindl et al.,
2020). At level 1, these differ in their dependent variable,
that is the study-by-study z-standardised sum scores for each
test section. To achieve a direct comparison of the effects
of the learning environment and the educational context in
a single model, the following 0/1 dummy-coded predictors
are used: “time” (pre- vs. post-test), “group” (MI vs. TD),
and “context” (Eng. ext., Eng. reg., Chem.; for this method-
ological approach, see Lindl et al., 2020). The MI group of
the German study (Ger.) was chosen, for pragmatic reasons,
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Table 1 Internal consistencies (McDonald’s ω) per test (section), means (M), and standard deviations (SD) per group and test (section)

Test (section) Method-integrative groups Teacher-directive groups

Germany South Africa Germany South Africa

School grade 9
N = 35

Anal. chem.
N = 42

Engin. reg.
N = 112

Engin. ext.
N = 46

School grade 9
N = 36

Engin. reg.
N = 89

Engin. ext.
N = 93

Pre-Test: 12 items, ω = .47 8.43 (3.51) 7.50 (3.24) 8.73 (2.64) 8.20 (2.85) 8.38 (2.91) 9.10 (2.86) 8.39 (2.69)

A: 2 items, ω = .14 2.17 (1.36) 0.50 (0.89) 0.62 (0.95) 1.07 (1.31) 1.35 (1.25) 0.57 (1.12) 0.75 (1.05)

B: 6 items, ω = .55 3.23 (1.63) 4.10 (1.74) 4.25 (1.48) 3.67 (1.52) 4.12 (1.20) 4.37 (1.63) 3.52 (1.40)

C: 4 items, ω = .18 3.03 (1.64) 2.90 (1.76) 3.85 (1.87) 3.46 (1.72) 2.91 (1.76) 4.16 (1.62) 4.12 (1.81)

Post-Test: 12 items, ω = .48 11.43 (4.30) 9.50 (2.47) 10.76 (3.48) 11.79 (2.92) 8.96 (3.58) 10.17 (3.18) 10.33 (2.38)

A: 2 items, ω = .21 3.21 (1.60) 1.36 (1.36) 1.48 (1.77) 2.64 (1.63) 2.32 (1.56) 1.23 (1.49) 1.86 (1.72)

B: 6 items, ω = .57 3.64 (1.87) 4.67 (1.36) 5.27 (1.60) 5.17 (1.42) 3.21 (1.83) 5.02 (1.36) 4.67 (1.33)

C: 4 items, ω = .28 4.57 (1.99) 3.48 (1.74) 4.01 (1.85) 3.98 (2.02) 3.41 (1.64) 3.83 (2.02) 3.80 (1.54)

dPre-Post-test .77 .69 .66 1.24 .18 .35 .76

A: open modelling tasks, B: mathematical tasks, C: multiple-choice modelling tasks; anal. chem.: analytical chemistry students, engin. reg.:
engineering students (regular programme), engin. ext.: engineering students (extended programme); d : Cohen’s (1992) effect size d .

as the reference category, because this allows direct contex-
tual comparisons to all South African studies and only the
MI group is available in the Chem. study (this eliminates
interaction effects with the factor “group” in Tables 2a and
2b). Of particular interest is the predictor “time” and its in-
teractions with the factor “context”, because this is used to
model the competency gains of MI Ger. and the deviations
of the MI groups in the South African studies. In addition,
the interaction terms “time x group” and “time x group x
context” are also important, as they describe the difference
in competency development compared to the German and
South African TD groups. Furthermore, the developmental
trajectories of all contexts and groups are visualised using
line graphs.

Data preparation and all analyses were done using
the statistical software R (R Core Team, 2024) and ad-
ditional packages such as “lme4” (Bates et al., 2015),
“lmerTest” (Kuznetsova et al., 2017), “MuMIn” (Bartoń,
2023), “psych” (Revelle, 2023) or “ggplot2” (Wickham,
2016). The data used and the analysis code are available
online in anonymised form at https://osf.io/t7hak/.

3 Results and Findings

3.1 Quantitative Analyses: (Differential) Effects of
the Interventions (RQ 1)

3.1.1 Global Descriptive Progress

For a first overview of the competency levels and devel-
opments in all four studies, Table 1 shows the descriptive
parameters by test section, group, and pre-test as well as

post-test separately and the increase in competency in the
entire test for each group using Cohen’s (1992) effect size
d . This already indicates that the modelling unit had posi-
tive effects in all groups (d ≥ .18), but particularly in the
method-integrative groups, since medium to large increases
in competency were achieved here (d ≥ .66). This appar-
ently also applies to lower entry levels, as suggested by the
similarly high level of competency development in the MI
Chem. group (d ≥ .69), which had a slightly lower initial
level in the pre-test than all other groups (cf. Table 1). The
gains in Eng. ext. are remarkably pronounced, with a com-
petency increase of d = 1.24 in the MI group and d = .76 in
the TD group. Possible reasons for the performance strength
of this group are considered in the discussion (see Sect. 4.1),
but overall these global results confirm our first assumption
related to our first research question as stated in Sect. 1, that
all studies show progress in students’ mathematical mod-
elling competency for both teaching styles, and progress
tends to be higher with the method-integrative style.

3.1.2 Descriptive Progress per Test Section

Not only with regard to the test as a whole, but also in its in-
dividual sections, the MI groups of all studies show remark-
able competency gains, as can also be seen in Table 1. The
largest absolute increase in section A, in which the students
in the educational context of German secondary schools per-
form slightly better from the outset, is found between the
pre- and post-test for MI Eng. ext., the smallest for TD Eng.
reg. For section B, in which the means of German school
students in the pre- and post-test are on average slightly
lower than those of South African students (exception: Eng.
ext.), the biggest absolute progress is again for MI Eng. ext.,

https://osf.io/t7hak/
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Table 2a Linear mixed regression models for test section A (open modelling tasks) and test section B (mathematical tasks)

Model A Model B

N | Obs. | ICC 457 889 16.5% 457 888 20.4%

Fixed effects β SE df t p β SE df t p

Intercept −0.03 0.16 808.71 −0.18 .86 −0.20 0.16 791.26 −1.24 .21

Chem. −0.32 0.21 808.71 −1.51 .13 0.02 0.22 791.26 0.08 .93

Eng. reg. −0.23 0.18 809.72 −1.27 .20 −0.10 0.18 793.12 −0.56 .58

Eng. ext. −0.23 0.21 810.82 −1.10 .27 −0.14 0.21 793.77 −0.67 .51

Group −0.52 0.23 815.00 −2.31 .02 0.50 0.23 798.79 2.20 .03

Time 0.68 0.20 477.34 3.35 <.01 0.27 0.20 472.54 1.33 .19

Group x Eng. reg. 0.49 0.26 816.32 1.87 .06 −0.43 0.27 800.72 −1.63 .10

Group x Eng. ext. 0.31 0.28 815.01 1.10 .27 −0.61 0.29 798.80 −2.13 .03

Time x Chem. 0.02 0.27 458.09 0.09 .93 0.10 0.26 453.97 0.36 .72

Time x Eng. reg. −0.07 0.23 467.48 −0.31 .75 0.38 0.23 463.39 1.66 .10

Time x Eng. ext. 0.30 0.26 460.95 1.14 .25 0.70 0.26 456.73 2.71 .01

Group x Time −0.08 0.29 489.93 −0.28 .78 −0.79 0.29 484.96 −2.76 .01

Group x Time x Eng. reg. −0.06 0.33 476.66 −0.18 .86 0.56 0.33 472.27 1.71 .09

Group x Time x Eng. ext. −0.20 0.35 473.31 −0.56 .58 0.58 0.35 468.86 1.66 .10

marg. R2 | cond. R2 .13 .39 .10 .40

Note: N = sample size; Obs. = number of observations; ICC = intraclass correlation; β = (standardized) regression coefficient; SE = standard
error; df = degrees of freedom; t = t -value; p = probability of committing a Type I error; R2: coefficient of determination.

while in TD Ger. the mean even decreases (see also Table 2a,
model B). In section C, the MI groups of all samples tend to
show a competency growth, whereas the achievement of the
TD groups even decreases slightly in two out of three studies
(Eng. reg. and ext.). Despite psychometric limitations in the
scale of test section C (cf. Sect. 2.4), this remarkable find-
ing thus reflects specific effects of the two teaching styles,
which are reliable and worthy of discussion in view of the
identical item and test booklet distribution and the parallel
design in all studies (cf. Sect. 2.5), thus confirming again our
assumption regarding the first research question.

3.1.3 Comparable and Significantly Different Effects
Between the Four Studies

To disentangle the reciprocal effects between the different
educational contexts of the individual studies and the learn-
ing environments in more detail, linear mixed models were
estimated as described in Sect. 2.6. In the first model for test
section A (open modelling tasks), Table 2a shows a signifi-
cant increase in competency for MI Ger., coded here as the
reference group (βTime = .68, p < .01). The competency de-
velopment of no learning environment (neither MI nor TD)
in the other studies deviated significantly from this (cf. Fig-
ure 2a), even if their performance in the pre-test was signif-
icantly lower in some cases (e. g., TD Ger.: βGroup = −.52,
p = .02). In the educational context of MI Eng. ext., the in-
crease in competency tended to be even slightly bigger than
that of MI Ger. (βTime x Eng. ext. = .30, p = .25).

Regarding test section B (mathematical tasks; Table 2a),
the reference group MI Ger. showed a positive trend
(βTime = .27, p = .19), while only MI Eng. ext. showed a
significant additional increase in competency
(βTime x Eng. ext. = .70, p = .01). TD Ger. has significantly
higher performance in the pre-test than MI Ger. (βGroup =
.50, p = .03), but this performance decreases significantly in
the post-test (βGroup x Time = −.79, p = .01, cf. Figure 2b).
Possible reasons for this surprising phenomenon are re-
flected in Sect. 4.2, they seem to be essentially an effect
of the teaching style.

With respect to the multiple-choice modelling tasks in
test section C, there is, as shown in Table 2b, a significant
competency increase in MI Ger. (βTime = .82, p < .01),
which is not achieved in this range by any MI group of the
South African studies, but only that of Eng. reg. is signif-
icantly smaller (cf. Table 2b). The competence growth of
TD Ger. tends to be lower, but still present (βGroup x Time =
−.56, p = .09), while the results in the post-test of Eng. ext.
and reg. are even lower than in the pre-test (cf. Figure 3c,
Tables 1 and 2b).

The model for the overall test (see Table 2b) shows
a significant competency growth for MI Ger. (βTime =
.80, p < .01), which is even slightly higher for Eng. ext.
(βTime x Eng. ext. = .40, p = .10). In contrast, the compe-
tency increase in the TD Ger. group is significantly lower
(βGroup x Time = −.66, p = .02), whereby the difference
in the competency gains between the teaching styles in
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Table 2b Linear mixed regression models for test section C (multiple-choice modelling tasks) and the complete test

Model C Model D

N | Obs. | ICC 457 892 11.0% 457 888 22.6%

Fixed effects β SE df t p β SE df t p

Intercept −0.22 0.17 865.10 −1.29 .20 −0.21 0.16 769.76 −1.31 .19

Chem. 0.05 0.23 865.10 0.24 .81 −0.12 0.22 769.76 −0.56 .58

Eng. reg. 0.16 0.19 865.30 0.81 .42 −0.10 0.18 772.09 −0.57 .57

Eng. ext. −0.03 0.22 865.57 −0.12 .91 −0.25 0.21 772.73 −1.19 .23

Group −0.06 0.24 866.49 −0.25 .81 −0.02 0.23 778.69 −0.09 .93

Time 0.82 0.24 484.44 3.48 <.01 0.80 0.19 472.78 4.18 <.01

Group x Eng reg. 0.23 0.28 866.94 0.82 .41 0.14 0.26 781.18 0.55 .58

Group x Eng ext. 0.44 0.30 866.49 1.47 .14 0.08 0.28 778.70 0.27 .78

Time x Chem. −0.50 0.31 462.77 −1.61 .11 −0.14 0.25 455.15 −0.58 .57

Time x Eng. reg. −0.74 0.27 473.29 −2.76 .01 −0.16 0.22 464.10 −0.73 .47

Time x Eng. ext. −0.53 0.31 465.96 −1.72 .09 0.40 0.25 457.78 1.63 .10

Group x Time −0.56 0.34 492.68 −1.68 .09 −0.66 0.27 484.88 −2.39 .02

Group x Time x Eng. reg. 0.30 0.38 478.33 0.78 .43 0.35 0.31 472.81 1.13 .26

Group x Time x Eng. ext. 0.08 0.41 475.73 0.19 .85 0.11 0.33 469.55 0.32 .75

marg. R2 | cond. R2 .03 .15 .12 .45

Note: N = sample size; Obs. = number of observations; ICC = intraclass correlation; β = (standardized) regression coefficient; SE = standard
error; df = degrees of freedom; t = t -value; p = probability of committing a Type I error; R2: coefficient of determination.

other studies (cf. Figure 3d) is somewhat more moderate
(βGroup x Time x Eng. reg. = .35, p = .26; βGroup x Time x Eng. ext.

= .11, p = .75).
In summary, and in line with our research hypotheses, a

substantial overall competency increase can be observed in
all studies as a result of the modelling unit, which is gener-
ally slightly higher in the MI groups (d ≥ .66) than in the
TD groups (d ≥ .18). It is – as far as can be proven based on
the available data – independent of the initial level, with the
educational context playing a role above all in the specific
test sections and competency facets. This is reflected in var-
ious forms of processing and different solution rates in the
individual modelling tasks, which will be discussed in more
detail in Sect. 3.2.

3.2 Qualitative Analyses: Focal Points Perceived
from Students’ Work (RQ 2)

A detailed qualitative analysis of the students’ work on the
test items revealed the striking differences between the edu-
cational contexts, presumably referring to curricular or cul-
tural effects (secondary level, Germany vs. tertiary level,
South Africa), as well as interesting differences between
the learning environments, indicating special effects of the
teaching styles (MI vs. TD). The most notable of these ef-
fects are summarised below for items A1 and A2 (from test
section A: open modelling tasks), B3a and B3b (from sec-
tion B: mathematical tasks), and C1, C3 and C5 (from sec-
tion C: multiple-choice modelling tasks). These supply a

global answer to our second research question by confirming
that both the learning environment and the educational con-
text have a relevant influence. Appendix I contains the cor-
responding results in anonymised form at item level (means
and standard deviations of all items; available at: https://osf.
io/t7hak/).

3.2.1 Differences Between Learning Environments

Item A2 seems to be particularly sensitive to the intervention
as all MI groups performed better in the post-test than all TD
groups and tended to show a bigger increase in performance
(pre: t(449) = 0.90, p = .37; post: t(436) = 2.59, p = .01;
see also Appendix I). This item contains a list of data val-
ues linked to a real-life situation and students were asked to
find a suitable mathematical model to represent the data. An
investigation in students’ work revealed that the crucial idea
of ‘making a sketch’ was present in both TD and MI groups,
but far more in the MI groups (for example, 30.6% German
TD cases vs. 74.3% German MI cases). This observation is
again consistent with the differences in mean achievement
(see Table 1). By ‘making a sketch’ students from the MI
groups could demonstrate, in all four studies, that they have
learned an essential heuristic element of solving modelling
tasks, contained in the Solution Plan (see Sect. 2.3). This
was found with low, medium and high performing students
in both educational contexts.

https://osf.io/t7hak/
https://osf.io/t7hak/
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Fig. 3 (a) Line graph for open modelling tasks (section A), (b) line graph for mathematical tasks (section B), (c) line graph for multiple-choice
modelling tasks (section C), and (d) line graph for the complete test

3.2.2 Differences Between Educational Contexts

The German group at secondary level performed signifi-
cantly better on item A1 than the South African groups
at tertiary level, for both TD and MI samples and in both
the pre-and post-tests (pre: t(449) = 12.23, p < .01; post:
t(436) = 7.29, p < .01). This coincides with the higher av-
erage achievement for the secondary students in test section
A (see Table 1). Item A1 is an open modelling task which
requires from a student a clear understanding of the situation
before reasonable assumptions are made. The most obvious
difference in students’ work was the use of graphical rep-
resentations to display the information in the question, and

these were used much more frequently by the secondary stu-
dents. A possible explanation is that students from the Ger-
man educational context are more familiar with modelling
items, and more used to elements of a more independence-
oriented teaching style. Moreover, the use of graphical rep-
resentations might be a more natural first step for all students
at the secondary level. The German students could thus more
easily visualise the given information.

Task B3 was more difficult for the secondary than for
the tertiary students, for both TD and MI groups. This task
contains two parts: item B3a requires to draw the graph
of a rational function (pre: t (449) = −4.62, p < .01; post:
t (436) = −5.13, p < .01), and item B3b asks for an esti-
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mation of its asymptotic behaviour (pre: t (448) = −1.81,
p = .07; post: t (436) = −2.18, p = .03). If students strug-
gled with the first item and could not visualise the graph,
the second item was most likely also wrong. The content of
rational functions is obviously more familiar to students at
the tertiary level, due to experiences at the upper secondary
level.

Differences in the means between the studies showed that
the German secondary students performed significantly bet-
ter than the SA tertiary students on item C1 (pre: t(449) =
3.37, p < .01; post: t(439) = 2.12, p = .03), and tended
to perform better on C3 (pre: t(449) = 0.05, p = .96; post:
t(439) = 2.25, p = .03), with a comparatively strong in-
crease in the performance for both MI and TD samples,
while the SA students performed better on item C5 (pre:
t (449) = −3.34, p < .01; post: t (439) = −1.37, p = .17).
A deeper look into these multiple-choice items reveals:

• Item C1 contains a narrative text which describes a real-
life situation (emergency evacuation of an aircraft) and
possible answer options (analogous to the item in Fig-
ure 1b). A plausible explanation for the better perfor-
mance of German secondary students may be that nar-
rative texts in modelling questions, presented in the home
language of the student, are easier to understand, or South
African students might not have been sufficiently familiar
with the situation described in the item.

• Item C3 contains a narrative text which describes a real-
life situation (speed over distance) and corresponding
graphical representations. The slightly better performance
of German secondary students may relate again to the bet-
ter understanding of narrative texts, as well as to the ob-
servation from our study that the secondary students used
more often graphical representations when working with
modelling items and therefore could more easily interpret
the answer options.

• Item C5 contains a narrative text to describe a real-life
situation (supermarket queues) and mathematical equa-
tions/inequalities to describe the answer options. The bet-
ter performance of SA tertiary students in this item may
be explained by the mathematical formulations in the an-
swer options, regardless of the narrative text. Students at
the secondary level are certainly less familiar with equa-
tions/inequalities including multiple variables than stu-
dents at the tertiary level.

The qualitative analysis of individual items thus clearly
shows how students’ approaches and solution rates differ
depending on the educational context. German secondary
school students tend to perform better in open modelling
tasks (e.g., A1) and in multiple-choice tasks with (some-
what more extensive) narrative instruction (e.g., C1), which
require a good knowledge of both the teaching language and
the situation, whereas South African students tend to score

better in tasks that require a confident handling of differ-
ent mathematical representations, and symbolic, formal, and
technical elements of mathematics (e.g., B3, C5). Regarding
our second research question, it can therefore be stated that
progress in mathematical modelling competency is made in
both learning environments but that the individual effects
achieved are not – as assumed – independent of the educa-
tional context.

4 Discussion, Limitations, and Conclusion

4.1 Context-(Un)Related Effectiveness

This paper compares the effects of four intervention stud-
ies with a uniform longitudinal research design, the same
teaching unit, and identical evaluation instruments, collected
in the CoSTAMM project. The design included a five-
lesson modelling teaching unit, with two different teaching
styles (“method-integrative” vs. “teacher-directive”), and
was originally designed for students at the start of the ter-
tiary level. The central goal of the teaching unit is to foster
students’ mathematical modelling competency. Three stud-
ies were implemented at the tertiary level in South Africa
(in 2019 and 2022), and one study at the secondary level in
Germany (in 2022), with a total of 453 participants.

To address the first research question (RQ 1), all four
studies were integrated into an exploratory meta-analytic
linear mixed modelling approach to analyse all results
at once, particularly to what extent the effectiveness of
the learning environments can be replicated across all
CoSTAMM studies, and what influence the educational
context (secondary level, Germany vs. tertiary level, South
Africa) has. Overall, the modelling unit proved to be effec-
tive independently of the educational context, and it was
more effective for the groups that followed the method-
integrative style. These results confirm that teaching math-
ematical modelling seems to be particularly effective if in-
structional and constructional elements are appropriately in-
tertwined (see Sect. 1).

We know from former studies in teacher education about
the unfamiliarity of South African tertiary students towards
modelling tasks and that students require substantial sup-
port in the modelling process (e.g., Biccard, 2024; Du-
randt, 2018, 2021; Durandt & Lautenbach, 2020). Against
this background, and thus considering our second research
question (RQ 2), the performance strength of the method-
integrative group of South African engineering students in
the extended curriculum programme is remarkable (d =
1.24). It shows how effective the intervention can be de-
spite comparatively lower prior knowledge, but under an
optimal learning environment. Since this was not the only
group taught by the second author of this paper (Durandt
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et al., 2022a), administration effects during implementa-
tion appear insufficient as a justification. However, one
plausible reason is the nature of the extended curriculum
programme itself which contains additional developmental
modules and support structures for students provided by
the university (e.g., support with academic language, read-
ing and writing, and smaller classes). The programme char-
acteristics, in combination with our modelling unit, pro-
vided an ideal learning environment for students. These en-
couraging results call for a substantial increase in the im-
portance of mathematical modelling in the South African
school and university curriculum. So, the results may have
consequences for teaching mathematical modelling at sec-
ondary and tertiary levels, including teacher education.

4.2 Differential Findings of the Quantitative and
Qualitative Analysis, and Their Limitations

An unexpected and at first glance even contra-intuitive re-
sult is the performance decrease between pre- and post-test
of both German TD classes in test section B (mathemati-
cal tasks). This raises questions about the selection of the
sample, although it does not visibly differ from that of the
other two German classes (Durandt et al., 2025), and about
the design-based implementation of the study (Sect. 2.5),
which, however, did not reveal any irregularities in subse-
quent interviews with the teachers of these classes. Both
TD teachers, independently of each other, explained this de-
crease rather as an undesirable effect of the teacher-directive
teaching in these classes The teaching unit contained only
modelling tasks, and since the students followed the teach-
ers’ instructions and concentrated on what was recognisably
important for the teacher, they set their minds on modelling
tasks only and were amazed or even confused by the math-
ematical tasks in the post-test. Also, in their previous class
tests, these students had experienced that only the content
that was covered in the hours before the test were queried. If
this interpretation of the TD decrease in section B is valid,
then it is fully justified, in the light of RQ 2, to regard also
the results in section B as an indication of the superiority of
the MI teaching style.

When interpreting the results, it should also be noted that
the reliabilities of the test sections as well as of the en-
tire test, which serve as dependent variables in all models,
are rather low. Such values are not unusual when measur-
ing knowledge and understanding, as one sub-competency
can increase without another sub-competency (which may
be focused on in another item) also increasing. This affects
the internal consistency of a test if the respective compe-
tency aspect is to be assessed in its thematic and procedu-
ral heterogeneity, aligned with the topics of the modelling
unit and as valid as possible, but with a manageable num-
ber of items. These low reliability values can lead to an un-

derestimation of the relationships and effects in the mod-
els (e.g., Schmitt, 1996; Stadler et al., 2021; Taber, 2018).
Given this limitation, a qualitative evaluation of the par-
ticipants’ test responses for open modelling, mathematical
and multiple-choice modelling items supplies not only addi-
tional insights, particularly how the solution of mathemati-
cal modelling tasks differs depending on learning environ-
ment and educational context, according to RQ 2. Rather,
this item-by-item analysis, as presented in Sect. 3.2 and Ap-
pendix I, can verify and validate the results at scale level
but of course only has a very selective, specific informative
value and limited generalisability.

An interesting finding from this qualitative evaluation is,
for example, that students from the MI groups more often
used graphical representations than students from the TD
groups. The idea of ‘making a sketch’ is an important ex-
ploratory element of solving modelling tasks, and we know
that there are relations between the accuracy of the draw-
ing and students’ modelling competency (see Rellensmann
et al., 2017).

Further, our investigation suggests a link between learn-
ing mathematical modelling and learning in the home lan-
guage, specifically in questions with narrative texts. We
know from several studies (see, e.g., Plath & Leiss, 2018)
how important language proficiency is for understanding
the real-world context of a modelling task and that im-
proving the students’ fluency in the education language is
critical to improving student achievement (see, e.g., Se-
tati et al., 2009). Nevertheless, South African tertiary stu-
dents are taught entirely in English (the samples met the
entrance qualification of the institution related to language
proficiency) and research has shown that multilingualism
does not necessarily imply a weaker performance for nar-
rative text understanding (Essien, 2024). An obvious alter-
native reason might be related to the socio-cultural context –
most tertiary students in the sample might, for instance, not
have been exposed to an aircraft before. Overall, our study
may also be regarded as preliminary research into the issue
of how socio-cultural context (e.g., Bishop, 1988; Dreher
et al., 2024), language and multilingualism (Essien, 2024)
may influence the learning of mathematics. Further studies
addressing this issue are needed.

Finally, there are, of course, many more variables that
may influence the results of such intervention studies, in par-
ticular the professional competencies of the involved teach-
ers. However, we have no teacher data available for our stud-
ies, and our background information on the respective sam-
ples is limited, which is certainly a limitation of our study.
Therefore, we have to restrict ourselves to plausible interpre-
tations based on the methodologically controlled, rigorous
pre-post-test design and on our knowledge about the inter-
ventions themselves as well as about the educational back-
ground of the samples.
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4.3 Summary and Further Research

In the CoSTAMM studies, two teaching styles were im-
plemented in varying samples to foster students’ modelling
competency, and the method-integrative style which com-
bines both constructional and instructional elements in a
specific manner proved to be more effective than the teacher-
directed style in all educational contexts. Some differential
effects could also be identified, due to some specifics of the
samples. In conclusion, this study provides empirical evi-
dence how a learning environment for mathematical mod-
elling can effectively be transferred from one educational
context to another while yielding simultaneously positive
learning gains. The comparative approach presented in this
paper shows that it is worthwhile implementing the same in-
tervention in different contexts and exploring, through both
quantitative and qualitative methods, communalities and dif-
ferences in the outcomes.

Plans and ideas for further CoSTAMM studies comprise
the extension of the present modelling unit by implement-
ing a broader spectrum of modelling tasks and the inclusion
of teacher competencies as a variable (see Buchholtz et al.,
2023) with an instrument which can be used both at the sec-
ondary and the tertiary level. We also intend to replicate our
intervention in further samples in both countries, to investi-
gate more deeply the potential sensitivity of teaching styles
to socio-cultural diversity, and to review our results repeat-
edly under different circumstances and conditions in order to
obtain robust evidence for improving the teaching and learn-
ing of mathematical modelling.
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