
Forde et al. Discip Interdscip Sci Educ Res             (2023) 5:3  
https://doi.org/10.1186/s43031-022-00070-1

RESEARCH

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2023. Open 
Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, 
distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is 
not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:// creat iveco 
mmons. org/ licen ses/ by/4. 0/.

Open Access

Disciplinary and Interdisciplinary
Science Education Research

Investigating the presence of mathematics 
and the levels of cognitively demanding 
mathematical tasks in integrated STEM units
Elizabeth N. Forde1*  , Latanya Robinson2, Joshua A. Ellis2 and Emily A. Dare2 

Abstract 

Effective K-12 integrated STEM education should reflect an intentional effort to adequately represent and facilitate 
each of its component disciplines in a meaningful way. However, most research in this space has been conducted 
within the context of science classrooms, ignoring mathematics. Also missing from the literature is research that 
examines the level of cognitive demand required from mathematical tasks present within integrated STEM lessons. In 
order to seek insight pertaining to this gap in the literature, we sought to better understand how science teachers use 
mathematics within K-12 integrated STEM instruction. We used an explanatory sequential mixed methods research 
design to explore the enactment of mathematics in integrated STEM lessons that focus on physical, earth, and life 
science content. We first examined 2030 sets of video-recorded classroom observation scores generated from the 
10-item STEM Observation Protocol (STEM-OP) designed for observing integrated STEM education in K-12 classrooms. 
We compared the STEM-OP scores of classroom observations that included mathematics with those that did not. 
This quantitative analysis was followed by a closer, more in-depth qualitative examination of how mathematics was 
employed, focusing on the degree of cognitive demand. To do this, we coded and analyzed transcripts from video-
recorded classroom observations in which mathematical content was present. Our study yielded two main findings 
about mathematics in integrated STEM lessons: (1) the presence of mathematical content resulted in higher STEM-OP 
scores on nearly all items, and (2) mathematical tasks within these lessons were categorized as requiring mainly low 
levels of cognitive demand from students. This study highlights the need for the increased inclusion of mathematical 
tasks in integrated STEM teaching. Implications for including higher-order mathematical thinking within integrated 
STEM teaching are discussed.
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Introduction
With an increased desire to draw individuals into the sci-
ence, technology, engineering, and mathematics (STEM) 
fields to meet current workforce demands and compete in 
the global economy (Wang et al., 2011), many countries 

have heightened their focus on STEM education within 
recent years. In the United States, there is a projected 
increase in STEM occupations of 10.5% as compared to 
non-STEM occupations of 7.5% for the period 2020 to 
2030 (U.S. Bureau of Labor Statistics, 2021). Wang et al. 
(2011) noted that the problems being faced in our chang-
ing global society are multidisciplinary and require the 
integration of STEM-related knowledge and skills to cre-
ate feasible solutions. Although an explicit, clear defini-
tion for integrated STEM education has not been agreed 
upon (Angier, 2010; Dare et al., 2019; Bybee, 2013; Moore 
et  al., 2020), many scholars share an increased interest 
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in its importance and inclusion in education, specifically 
within K-12 spaces.

A range of STEM competencies is developed through 
integrated STEM education according to the vary-
ing requirements posed by a particular situation or a 
problem (McLoughlin et  al., 2020). Bybee (2013) sug-
gested that these competencies include a combina-
tion of conceptual understanding as well as procedural 
skills and abilities for individuals to address STEM-
related social and global issues. He further explained 
that these concepts and skills embody the integration 
of STEM disciplines. Hence, a quality integrated STEM 
education experience ought to reflect an approach that 
seeks to effectively integrate the four disciplines of sci-
ence, technology, engineering, and mathematics (John-
son et  al., 2020). A joint statement from The National 
Council of Supervisors of Mathematics (NCSM) and 
the National Council of Teachers of Mathematics 
(NCTM) (NCSM & NCTM, 2018) purports that any 
integrated STEM activity that aims to address the effec-
tive incorporation of mathematics should do so with 
integrity and target the grade level’s mathematics con-
tent and appropriate mathematical practices. Currently, 
though, the majority of research related to integrated 
STEM education has taken place within the context 
of science classrooms (e.g., English, 2016), which offer 
a space for reasoning abstractly and quantitatively, as 
described in A Framework for K-12 Science Education 
(National Research Council, 2012) and the Next Gen-
eration Science Standards (NGSS Lead States, 2013). It 
is clear that additional research is needed to determine 
the ways in which learning across disciplines can sup-
port integration so that one discipline does not domi-
nate the others (English, 2016).

Although Fitzallen (2015) and Maass et al. (2019) exam-
ined the role of mathematics in integrated STEM educa-
tion, other scholars have noted an under-representation 
of mathematics activities and practices used in STEM 
education (English, 2016; Marginson et al., 2013; Shaugh-
nessy, 2013). English (2016) and Stohlmann (2018) noted 
that despite the inclusion of mathematical content and 
concepts within integrated STEM curricula, the signifi-
cance and level of mathematical thinking required from 
students remain unclear. This is problematic as Maass 
et  al. (2019) acknowledged that although mathematics 
undoubtedly supports the other three STEM disciplines, 
its understated and underrepresented role in integrated 
STEM education cannot go unnoticed. For instance, Ring 
et al. (2017) and Ring-Whalen et al. (2018) found that sci-
ence teachers’ conceptualizations of integrated STEM 
often relegated mathematics (along with technology) as 
a tool to be used in support of science and engineering 
learning. Consequently, elevating the role of mathematics 

within the broader context of integrated STEM teaching 
and learning is needed. In order to make that happen, we 
first must understand how exactly mathematics is being 
utilized, especially with respect to the level of mathemat-
ical thinking and cognitive demand.

This dearth of literature related to mathematics within 
integrated STEM teaching has not gone unnoticed. Eng-
lish (2016) noted that of the four STEM disciplines, stu-
dent outcomes in mathematics were the lowest when 
compared to the other three disciplines. Hence, English 
(2016) suggested that this anomaly was worth further 
scrutiny. Additionally, Stohlmann (2018) called for a 
focus on how the content of mathematics included within 
integrated STEM ties to the other STEM content to make 
the learning of mathematics more explicit. In response 
to these calls for research on mathematics in integrated 
STEM education, the current study sought to address 
the following research questions: (1) How do integrated 
STEM lessons that include mathematics perform on an 
integrated STEM observational protocol compared to les-
sons without mathematics? and (2) What levels of math-
ematical cognitive demand are represented in physical, 
earth, and life science integrated STEM units?

Literature review
Mathematics and STEMintegration
In a call for greater emphasis on STEM disciplinary 
integration, English (2016) reiterated that mathematics, 
along with engineering are notably underrepresented 
in studies of STEM education and subsequently called 
for “lifting the profile of mathematics in STEM integra-
tion” (p. 4). Although research has made some initial 
progress along these lines and attempts to understand 
mathematics inclusion within integrated STEM educa-
tional contexts are present in the literature, it is primarily 
based on few empirical studies (e.g., Becker & Park, 2011; 
Hurley, 2001) that investigated how different integrated 
approaches can support mathematics learning. The dif-
ferent approaches can include coordination across disci-
plines or complementary overlapping across disciplines 
(Bybee, 2013), and the distinct characteristics of the 
specific approach make mathematics achievement chal-
lenging (National Academy of Engineering and National 
Research Council  [NAE and NRC], 2014). Becker and 
Park (2011) meta-analysis focused on the effects of inte-
grative approaches among STEM subjects while consid-
ering eight different combinations of STEM disciplines 
(e.g., science and mathematics; engineering and technol-
ogy; science, technology, and mathematics). Mathematics 
achievement showed the smallest effect size when paired 
with another discipline (Becker & Park, 2011). Similarly, 
Hurley’s (2001) meta-analysis of the effects of five dif-
ferent integrated teaching approaches for mathematics 
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and science (i.e., sequenced, parallel, partial, enhanced, 
and total) found similar results concerning mathemat-
ics achievement. However, Becker & Park’s (2011) work 
also revealed differences in effect sizes of mathematics 
achievement when comparing across the types of integra-
tion. For example, in the sequence integration approach, 
the effect size of mathematics achievement was large 
when compared to that of the parallel and total integra-
tion approaches. These findings suggest that when math-
ematics is included in integrated STEM that attention 
needs to be paid to how mathematics is paired with other 
disciplines and the integrated teaching approach(es) to 
support mathematics achievement.

Whereas these two studies focused on discipline com-
bination and integrated approaches, there is research that 
looks more specifically at how mathematical content and 
practices can be incorporated into discipline integration. 
For instance, Baldinger et al.’s (2020) literature review of 
32 published studies from 2013 to 2018 focused on math-
ematical topics, proficiencies, and practices to determine 
how mathematics is integrated with other disciplines. 
Baldinger et  al. (2020) then noted that currently within 
discipline integration practices, mathematics serves as a 
supporting role for science, technology, or engineering 
learning goals, while the associated conceptual math-
ematics learning goals are essentially overlooked. Fur-
thermore, Stohlmann’s (2018) analysis of 21 studies from 
2008 to 2018 examined the outcome of mathematics 
learning in discipline integration by considering content 
integration. Stohlmann (2018) suggested the fact that 
mathematics is not emphasized in integrated STEM may 
partially be a result of the “perception that mathemat-
ics achievement is difficult to promote through STEM 
integration” (p. 317). In terms of content integration, 
Moore, Stohlmann, et  al., (2014) stated that integrated 
STEM lessons with an emphasis on content integration 
with learning objectives from mathematics and another 
discipline should focus on the central idea that connects 
the disciplines. Additionally, for effective development of 
mathematics concepts and skills, Stohlmann (2018) reit-
erated that it is essential to attend to the natural connec-
tions between mathematics and other STEM disciplines 
in integrated lessons.

When addressing content integration as proposed 
above, the NAE and NRC (2014) noted the challenges of 
leveraging similarities between overlapping content pre-
sented in the different disciplines’ standards to develop 
discipline-specific knowledge. One challenge is that the 
shared content is presented in different ways for the sub-
jects in their respective fields. For example, according to 
the Standards for Technological and Engineering Literacy 
(2020), geometry is necessary within science, engineer-
ing, and technology. The mathematics topic of geometry 

involves determining congruence and similarity in math-
ematics using physical models, transparencies, or geom-
etry software. Particularly, this mathematics topic ties 
engineering and technology to the design solutions and 
supports the concept of developing models in science 
(NAE and NRC, 2014). The challenge lies in how to effec-
tively convey the underpinning mathematical ideas of 
the content when the disciplines are combined. Notably, 
in mathematics instruction, the focus is on the develop-
ment of concepts whereas when it is integrated with sci-
ence, engineering, and technology, mathematics is used 
to support the development of the concepts within these 
respective disciplines. Hence, this requires a close exam-
ination of the nature of integration with a focus on the 
connected concepts within disciplines.

Integrated STEM and higher order thinking
Integrated STEM education ties together practices of sci-
entific inquiry and mathematical analysis, which aligns 
with the interdisciplinary format of STEM standards in 
science and mathematics (Bybee, 2013; Sanders, 2012). 
Today’s K-12 educational systems have made efforts to 
reform STEM discipline standards making provision 
for students to think critically and experience meaning-
ful integration of the STEM disciplines within the con-
text of authentic, real-world challenges (Council of Chief 
State School Officers & National Governors Association 
Center for Best Practices, 2010; NGSS Lead States, 2013). 
The content standards in mathematics (e.g., Common 
Core) and science (e.g., NGSS) now emphasize devel-
oping students’ abilities to think deeply and understand 
relationships about their respective disciplinary concepts 
and practices (Achieve, 2010; NAE and NRC, 2014). Stu-
dents should engage in disciplinary tasks that require 
interpretation and construction of meaning to arrive at 
answers or solutions that are not obvious at the onset of 
assigned tasks (Tekkumru-Kisa et al., 2020). These tasks 
can be in the form of an instructional unit of interdisci-
plinary work or a classroom activity that is assigned to 
students by the teacher and directly requires students 
to intellectually engage in science and/or mathemat-
ics thinking (Tekkumru-Kisa et  al., 2015). For instance, 
a task that requires students to memorize or reproduce 
procedures is considered to be a low-level task, whereas a 
task that requires students to construct arguments or use 
evidence-based reasoning to support ideas is a high-level 
task. Students should spend a significant amount of time 
working on tasks that are considered high-level because 
such tasks improve students’ abilities to learn content at a 
deeper level and to think more critically (Tekkumru-Kisa 
et al., 2015).

Categorizing activities that require students to com-
plete high-level or low-level tasks is not new. This method 
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has been used in education since the 1980s. For example, 
Doyle’s (1983) work on the mental processes students 
engage in to complete academic tasks is often credited 
with the start of classifying tasks as low-level or high-
level; this type of categorization has been used in both 
mathematics and science education communities. Fur-
ther, Smith and Stein’s (1998) task-analysis guide for the 
evaluation of Characteristics of Mathematical Instruc-
tional Tasks has been used by NCTM and the Stanford 
Center for Professional Development in mathematics 
professional development workshops that focus on the 
quality of mathematical tasks. This guide can be found in 
mathematics methods course textbooks. Notably, mathe-
matics education journals report its use in supporting the 
development of mathematical reasoning and problem-
solving skills (Boston & Smith, 2011; Dempsey & O’Shea, 
2020). The lowest level demand (“memorization”) 
involves reproducing previously learned rules or formu-
las, for example, requiring students to recall the formula 
for two- and three-dimensional shapes. The highest-level 
demand (“doing mathematics”) requires non-algorithmic 
thinking and an understanding of mathematical relation-
ships between concepts, for example, presenting students 
with opportunities to apply more than one solution strat-
egy and producing explanations and justifications for 
these. The intention of this guide, though, was not on 
observing instruction, but on classifying mathematical 
tasks as “good” (Smith & Stein, 1998, p. 344). Building on 
Smith and Stein’s (1998) work, Matsumura et  al. (2006) 
developed a series of protocols collectively referred to as 
the Instructional Quality Assessment (IQA), which were 
designed to assess observed classroom instruction and 
the quality of work in mathematics (and comprehension) 
that teachers assign to students. One of these protocols is 
the Academic Rigor - Implementation of the Task rubric 
(Rubric 2), which rates the quality and cognitive demand 
of tasks that students are engaged in during instruction 
using five levels (Levels 0–4). The rubric mirrors the 
design of the original Smith and Stein (1998) task-anal-
ysis guide in Levels 1–4 but includes a new level, Level 0, 
in which the task does not require mathematical knowl-
edge on the part of students, only the teacher.

There are parallels among levels in these instruments. 
For example, the memorization level is common in the 
works of Smith and Stein (1998) and Matsumura et  al. 
(2006). It is also present in Tekkumru-Kisa et al.’s (2015) 
Task Analysis Guide in Science, a similar guide used in 
the science education community. In the Tekkumru-Kisa 
et al.’s (2015) guide, the lowest level is memorization, and 
the highest level is doing science. These guides and rubrics 
are useful to consider because the aims of integrated 
STEM education require students to engage in higher-
order thinking as they consider real-world, open-ended 

problems (Kelley & Knowles, 2016). The openness of 
an authentic, real-world problem allows students to use 
complex, higher-order thinking in which they analyze 
data and determine patterns within information to make 
informed decisions while simultaneously drawing upon 
knowledge from the disciplines of mathematics and/or 
science knowledge.

As students are presented with opportunities to draw 
on knowledge from multiple STEM disciplines, the types 
of activities they are expected to engage in will look dif-
ferent across classrooms that incorporate integrated 
STEM. Because K-12 content standards in mathemat-
ics and science require students to reason and engage in 
critical thinking both mathematically and scientifically 
(Council of Chief State School Officers & National Gov-
ernors Association Center for Best Practices, 2010; NGSS 
Lead States, 2013), one might expect that most activities 
would be at a cognitively high-level. Classroom activities 
within integrated STEM lessons that include mathemat-
ics or science should inherently allow students to: (a) 
construct meaning of the content, (b) make sense of the 
underlying disciplinary idea, and (c) engage in complex 
thinking (Moore, Stohlmann, et al., 2014). The alignment 
between the levels of cognitive demand in the science and 
mathematics rubrics noted above makes it possible to 
analyze classroom activities across different settings. This 
is critical when the objective is to understand the degree 
to which mathematics or science cognitive demand tasks 
are present within integrated STEM classroom activities. 
Moreover, this is fundamentally important considering 
that a key feature of integrated STEM education is cross-
ing disciplinary boundaries by presenting tasks in a real-
world context requiring students to think critically and 
effectively use knowledge from several disciplines (NAE 
and NRC, 2014).

Conceptual Framework
Currently, scholars use no standard definition for 
the term integrated STEM education, which has been 
reported in numerous editorial comments and reviews 
of the literature (e.g., English, 2016; Li et al., 2020; Mar-
tín-Páez et al., 2019; Moore et al., 2020). For example, 
Martín-Páez et  al. (2019) in their review of the litera-
ture shared STEM education as “a teaching approach 
that integrates content and skills specific to science, 
technology, engineering, and mathematics” (p. 815). Li 
et al. (2020) also suggested an understanding of STEM 
education that reaches beyond the simple integration of 
the disciplines’ content but rather one that is seen as “a 
broad and inclusive perspective to include education in 
the individual disciplines of STEM, i.e., science educa-
tion, technology education, engineering education, and 
mathematics education” (p. 2). This interdisciplinary 
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perspective was also reflected in Vasquez et al.’s (2013) 
definition of integrated STEM education as an approach 
that spans the four disciplines of science, technology, 
engineering, and mathematics and integrates them to 
provide relevant and rigorous learning experiences for 
a diverse range of learners. Additionally, Johnson et al. 
(2020) offer another definition that suggests using disci-
plinary knowledge and practices from engineering and 
technology to teach and learn specific science and/or 
mathematics knowledge. Likewise, Moore, Stohlmann, 
et  al.’s (2014) definition proposes the use of engineer-
ing design to develop an understanding of technologies 
that require the application of mathematics and/or sci-
ence content. Notably, a commonality across these dif-
ferent definitions of integrated STEM education is the 
combination of disciplines that is far reaching and pro-
motes the learning of content and skills from different 
disciplines.

For the purpose of this study, we broadly define 
and conceptualize integrated STEM education as 
an approach that focuses on the interconnectedness 
between the content and skills of the STEM disciplines; 
science, technology, engineering, and mathematics. 
In this study, we focus on the inclusion of mathemat-
ics to support student learning and how it is positioned 
with respect to cognitive demand within integrated 
STEM activities. This aligns best with the definition 
provided by Kelley and Knowles (2016) who suggested 
that STEM education is, “The approach to teaching the 
STEM content of two or more STEM domains, bound 
by STEM practices within an authentic context for the 
purpose of connecting these subjects to enhance stu-
dent learning” (p. 3). The purpose of intentionally com-
bining content from these disciplines is to ultimately 
develop concepts and skills from the disciplines and 
improve student learning outcomes in a meaningful, 
interconnected way as opposed to a compartmental-
ized, siloed way that has historically been practiced in 
K-12 education.

Methods and findings
The aim of this study was to better understand the use of 
mathematics within integrated STEM contexts. To reach 
this aim, we first explored how integrated STEM les-
sons that include mathematics perform on an integrated 
STEM observational protocol compared to lessons 
without mathematics. We then investigated the levels 
of mathematical cognitive demand present in physical, 
earth, and life science integrated STEM units. The fol-
lowing sections first present the research design and con-
text for the study. This is followed by the quantitative and 

qualitative phases along with the respective findings for 
each phase.

Research design
This study used an explanatory sequential mixed meth-
ods research design in which the quantitative data were 
collected and analyzed prior to conducting qualita-
tive analysis (Teddlie & Tashakkori, 2009). This design 
allowed us to first investigate how integrated STEM les-
sons with and without mathematics performed on an 
integrated STEM observational protocol. For the second 
phase of the research, we qualitatively analyzed video-
recorded classroom observations to identify the level of 
mathematical cognitive demand represented in a sample 
of physical, earth, and life science integrated STEM units. 
The qualitative analysis provided more detail about the 
presence and cognitive demand of mathematics within 
different science domains. The quantitative and quali-
tative results were later synthesized to understand our 
findings at a more detailed level.

Context
The raw data used in this study (in the form of video-
recorded integrated STEM observations) were collected 
as part of a previously funded 5-year project. During the 
first 3 years of the project, K-12 science teachers partici-
pated in professional development related to integrated 
STEM education, co-created integrated STEM cur-
riculum units, and implemented these units into their 
classrooms. In the fourth and fifth years of the project, 
teachers participated in a similar professional develop-
ment but field-tested several of the previously created 
curriculum units instead of writing new ones. The profes-
sional development utilized a design-based vision of inte-
grated STEM based on two frameworks that centralized 
learning activities within an engineering design challenge 
(Moore, Glancy, et  al., 2014, Moore, Stohlmann, et  al., 
2014). In the professional development, an emphasis was 
placed on the inclusion of data analysis as one method 
of engaging in evidence-based reasoning. Participating 
teachers were video recorded during the implementa-
tion of their integrated STEM units, with each video 
corresponding to one class period (~ 45 minutes). These 
video-recorded classroom observations represent a vari-
ety of classroom settings, including different grade lev-
els, teachers, student demographics, science content, 
and engineering design challenges. Specifically, the data 
used in this study include 2030 video-recorded obser-
vations from 106 unique teachers’ classrooms from five 
school districts that include urban, inner-ring suburban, 
and outer-ring suburban K-12 settings in the Midwestern 
United States. Most of the observations focus on grades 
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4–8, although early elementary (K-3) and high school are 
represented to a lesser extent. The science content cov-
ered in the 48 unique curriculum units from the first 3 
years of the project spans several topics in the physical 
(e.g., force and motion), life (e.g., ecosystems), and earth 
sciences (e.g., plate tectonics); a total of 13 of those cur-
riculum units were field-tested in the fourth and fifth 
years. Our data set includes 999 physical science, 434 
earth science, and 597 life science observations. These 
video observations also represent 885 elementary (K-5), 
1071 middle school (6–8), and 74 high school (9–12) 
classrooms.

Quantitative phase
Data collection
In the quantitative phase, we compared integrated STEM 
video observations that included mathematics to those 
that did not. To do this, we used the STEM  Observa-
tion Protocol  (STEM-OP) (Dare et  al., 2021) to score 
the 2030 classroom observation videos described above. 
This observational protocol (Dare et al., 2021) measures 
the degree to which integrated STEM takes place in K-12 
science and engineering classrooms; the instrument does 
not attend to pedagogical quality as other instruments 
that attend to this are already available. All items on the 
instrument have demonstrated acceptable Krippen-
dorff’s alpha levels (α > .6) for interrater reliability with 
the exception of Item 5 (α = .58), which approached our 
selected threshold. Further, we have also established the 
structure and reliability of the instrument through prin-
cipal component analysis (PCA) (Roehrig et  al.,  2023). 
The PCA work revealed two core dimensions of inte-
grated STEM education when using our instrument: 
1) real-world problem solving and 2) the nature of inte-
grated STEM. The STEM-OP includes 10 items with four 
descriptive levels for each item (scored 0–3): 1) relat-
ing content to students’ lives, 2) contextualizing student 

learning, 3) developing multiple solutions, 4) cognitive 
engagement in STEM, 5) integrating STEM content, 6) 
student agency, 7) student collaboration, 8) evidence-
based reasoning, 9) technology practices in STEM, and 
10) STEM career awareness. After completing rigorous 
training with the STEM-OP and establishing interrater 
reliability, our coding team scored all of the video record-
ings made available from the previously described pro-
ject. During this process, the coding team noted whether 
a given observation included science, technology, engi-
neering, and/or mathematics content. We then used 
these indicators to subdivide the data into two categories: 
observations with mathematics (n = 637) and observa-
tions without mathematics (n = 1393).

Data analysis
To determine differences in STEM-OP scores between 
observations that included or did not include mathemat-
ics, we used the Mann-Whitney-Wilcoxon test (Mann & 
Whitney, 1947; Wilcoxon, 1945). This nonparametric test 
is used to compare the outcome between two independ-
ent groups from the same or identical sample (Hahs-
Vaughn & Lomax, 2020). This test does not require that 
the difference between the samples is normally distrib-
uted or that the variances of the two populations are 
equal (Hahs-Vaughn & Lomax, 2020). An additional 
advantage of the Mann-Whitney-Wilcoxon test is that 
the two samples can have an unequal number of obser-
vations, which was true for our data. This nonparamet-
ric test helped answer the first research question: How do 
integrated STEM lessons that include mathematics per-
form on an integrated STEM observational protocol com-
pared to lessons without mathematics?

Quantitative findings
Findings from the Mann-Whitney-Wilcoxon tests reveal 
that there are statistically significant differences in mean 

Table 1 Mann-Whitney-Wilcoxon test comparing lessons that include mathematics and lessons that do not include mathematics

STEM-OP Item MeanMath MeanNoMath MedMath MedNoMath Diff in Mean p

1: Relating content to students’ lives 0.46 0.59 0 0 −0.13 .003

2: Contextualizing student learning 1.90 1.87 2 2 0.03 .398

3: Developing multiple solutions 0.91 0.79 1 0 0.12 .006

4: Cognitive engagement in STEM 2.22 1.83 2 2 0.39 <.001

5: Integrating STEM content 1.31 0.83 1 1 0.48 <.001

6: Student agency 1.32 1.09 1 1 0.23 <.001

7: Student collaboration 1.82 1.65 1 1 0.17 <.001

8: Evidence-based reasoning 1.01 0.80 1 0 0.21 <.001

9: Technology practices in STEM 0.49 0.13 0 0 0.36 <.001

10: STEM career awareness 0.41 0.54 0 0 −0.13 .006
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rank order for most of the STEM-OP’s 10 items when 
comparing lessons that included mathematics (n = 637) 
to those that did not (n = 1393) (Table  1). These results 
suggest that the presence of mathematics in an observed 
integrated STEM lesson leads to higher scores on Items 
3–9. There is also a negative effect for Items 1 and 10 and 
no statistically significant effect for Item 2.

The positive effect of the presence of mathematics for 
Items 3–9 suggests multiple ways in which mathematics 
may improve integrated STEM instruction. For instance, 
Item 3 measures to what extent students are provided 
with opportunities to develop multiple design solutions 
to an engineering challenge. These design challenges 
oftentimes require students to use, for example, geo-
metrical concepts in designing their multiple solutions, 
the incorporation of these mathematical concepts in such 
engineering aspects of the lessons appeared to have a 
positive effect on integrated STEM instruction.

Item 4 on the STEM-OP evaluates the level of cogni-
tive engagement in STEM disciplines within the les-
sons. Mathematics inclusion in these integrated lessons 
suggests that students were engaged in higher levels of 
cognitive thinking, for example, in addition to doing cal-
culations related to budgets and cost of production, they 
used the results of these calculations to make decisions 
about their design challenges. The positive effect of the 
presence of mathematics in integrated STEM lessons 
was also observed in our findings for Item 5. This item 
measures how teachers integrate content from multiple 
STEM disciplines, inclusive of mathematics. It should be 
noted that our comparison used mathematics to sort our 
scores; however, even within non-mathematics observa-
tions, multiple STEM disciplines could still have been 
integrated (e.g., an observation with science and engi-
neering). The importance in this finding is that including 
mathematics appears to make a significant difference in 
the integration of content. Notably, Items 4 and 5, which 
both examine how STEM content is presented in the 
observed lessons, displayed the highest mean differences 
with 0.39 and 0.48, respectively.

Similarly, we observe differences between the two 
groups for Item 6, which assesses the degree to which 
students have agency over their learning. It would appear 
that when mathematics is included that there is more 
student agency. Somewhat unexpected, we see differ-
ences for Item 7, which focuses on student collaboration. 
Including mathematics appears to result in more complex 
collaborative activities compared to integrated STEM 
activities that do not include mathematics. Item 8, which 
measures evidence-based reasoning, also scored higher 
when mathematics is present, which may reflect that stu-
dents often use mathematical evidence in their scientific 
claims or design decisions. The presence of mathematics 

within integrated STEM lessons is also supportive in cre-
ating opportunities for students to engage in the appro-
priate use of technology in calculating, collecting, and/
or analyzing data as they work on creating possible solu-
tions for the design challenge; these technology-based 
opportunities are captured by Item 9. Thus, the results 
from these remaining items suggest that the inclusion of 
mathematics is correlated to higher scores in the devel-
opment of multiple solutions (Item 3), cognitive engage-
ment in STEM (Item 4), integrating STEM content (Item 
5), student agency (Item 6), student collaboration (Item 
7), evidence-based reasoning (Item 8), and technology 
practices in STEM (Item 9). For Item 1 (relating content 
to students’ lives) and Item 10 (STEM career awareness), 
not included in this list, it is curious to note the negative 
effect of mathematics on both items. This may relate to 
the fact that these lessons were implemented by science 
teachers in which their knowledge of relating mathemati-
cal content to students’ lives and careers may have been 
limited.

In conclusion, these quantitative results provide evi-
dence that the inclusion of mathematical content within 
integrated STEM lessons is associated with overall higher 
scores on Items 3–9  of the STEM-OP. Considering that 
the STEM-OP was intentionally designed to measure the 
degree to which integrated STEM occurs, this is evidence 
that the inclusion of mathematics within integrated 
STEM lessons is notable.

Qualitative phase
Data collection and materials
Since the results of our initial quantitative phase revealed 
that observed lessons that included mathematics scored 
higher on the STEM-OP for most items, we sought to 
conduct a further investigation of the mathematical tasks 
occurring in these lessons. This was achieved by explor-
ing the levels of mathematical cognitive demand required 
from the mathematical tasks within selected physical, 
earth, and life science integrated STEM units. Thus, we 
address our second research question: What levels of 
mathematical cognitive demand are represented in physi-
cal, earth, and life science integrated STEM units?

The following sections describe the qualitative 
methods used to investigate the levels of cognitive 
demand for the mathematical tasks in selected cur-
riculum units. We used a multiple case study design 
that focused on developing an in-depth understanding 
of a case or bounded system focused on understanding 
how events occur and which ones may influence par-
ticular outcomes (Savin-Baden & Howell Major, 2012). 
In order to define the cases for our study, we took 
several steps. We first considered curriculum units 
wherein 50% or more of the daily observed lessons 
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included mathematics; this left us with 20 curriculum 
units, which cut across all three science disciplines 
(11 physical science, seven earth science, and two life 
science) implemented by multiple teachers due to the 
team-like nature of the original project. We then con-
sidered which grade level to examine for the study and 
which curriculum unit within each science domain 
to be selected. To make a decision on the grade level, 
we closely reviewed the Common Core State Math-
ematics standards which were contained in each cur-
ricular document that the research team had access 
to. The use of this secondary data source assisted us in 
narrowing in on the elementary level as we observed 
that these units covered a wider variety of mathemat-
ics domains including measurement and data, number 
and operations, and geometry. As a result, we selected 
units implemented in the elementary grades, of which 
there were nine. To decide which specific curriculum 
unit would best serve as the case for each science dis-
cipline, we again referred to the secondary data, this 
time simultaneously reviewing the stated mathemat-
ics standards and topics contained in each curricular 
document.

Based on this process, we selected a curriculum 
unit each for physical science, earth science, and life 
science. There were 53 video observations in total, 
which included 19 for the physical science unit, 17 
for the earth science unit, and 17 for the life science 
unit. Both the physical science and earth science units 
were implemented by four teachers, while the life sci-
ence unit was implemented by five teachers. All cur-
riculum units were implemented at either the fourth or 
fifth-grade level and were centered on three different 
engineering design challenges. In addition to the math-
ematical content/topics, the written curriculum units 
also contained science content/topics, clear explana-
tions of the intended engineering design challenge that 
students were expected to be engaged in, as well as 
technology and engineering connections. Table 2 pre-
sents the science discipline, a brief description of the 

engineering design challenge, and science and math-
ematics topics for each curriculum unit.

Data analysis
Overall, a total of 53 classroom-recorded observations 
that included mathematics were considered and analyzed 
for the qualitative component of our study. In the first 
step of our analysis, we reviewed all 53 video observa-
tions, noting specific segments in each video for which 
mathematical tasks were either directly identified by the 
teacher and/or performed by the students. Through this 
process, we identified 153 unique segments as multiple 
segments were possible in the individual video observa-
tion. These segments were transcribed in preparation for 
coding of the mathematical tasks present.

Second, we used the Academic Rigor - Implementa-
tion of the Task rubric (Rubric 2) (Matsumura et  al., 
2006) to code the video segments and identify the level 
of mathematics cognitive demand required of students 
in the observed integrated STEM activities. This particu-
lar rubric was selected over other rubrics we explored 
because of its focus on specifically categorizing the 
cognitive demand levels of student engagement for the 
mathematical tasks examined. The rubric, which includes 
five levels, has been found to be valid and reliable with 
overall cognitive demand level agreement at 81.8% (Mat-
sumura et al., 2006). The Cronbach’s alpha calculated for 
the consistency of the rating results yielded an alpha of 
0.92 (Matsumura et al., 2006). These reliability measures 
have been reported as good overall. The rubric’s inter-
rater agreement is reported at a moderate value of 76.3% 
across pairs of raters (Matsumura et  al., 2006). The five 
levels of the rubric begin with lower cognitive demand 
and increase in engagement at each level. As previously 
noted, Levels 1–4 in particular are derived from Smith 
and Stein’s (1998) Characteristics of Mathematical Tasks 
at Four Levels of Cognitive Demand, such that these lev-
els can be broken into lower-level (Levels 1 and 2) and 
higher-level (Levels 3 and 4) demand tasks. The rubric 

Table 2 Overview of the Fourth and Fifth-Grade STEM Curriculum Units

Science Discipline Engineering Challenge Science Topics Mathematics Topics

Physical Science create a vaccine container not requiring 
a power source for warm climates

vaccines, heat energy and heat transfer, 
conductors, insulators

interpret line graphs, use data tables, 
measure temperature, perform operations 
with decimals in real-world problems

Earth Science design a device to extract resources from 
a mining site on an exoplanet

renewable and nonrenewable resources, 
environmental impact

operations with decimals in real-world 
cost problems, measure areas by counting 
unit squares, convert improper fractions to 
mixed numbers

Life Science design a greenhouse to grow food in 
cold climates

plant needs and parts optimal habitat for 
a living organism

data collection and analysis, surface area, 
cost analysis, line graphs
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levels are presented visually in Fig. 1 with descriptions of 
each level in the section that follows.

The first level, Level 0, indicates that although a math-
ematical task might be explained to students by the 
teacher, this did not require cognitive engagement by the 
students. This may be represented by instances in which 
a teacher provides explanations, directions, instructions, 
and/or referred to mathematical objectives. The second 
level, Level 1, is marked by students engaging in math-
ematical tasks that focus on memorizing or reproducing 
facts, rules, formulae, or definitions without making con-
nections to or meaning of the concepts at hand. Level 2 
activities require that students engage in using a proce-
dure that was either specifically called for or its use was 
evident based on prior instruction, experience, or place-
ment of the task. In this, students follow a prescriptive 
method with little room to make connections to con-
cepts or meaning underlying procedures used. For Level 
2 mathematical tasks, students merely used procedure(s) 
that are specifically called for, requiring no effort by the 
students to use their initiative or make decisions.

Levels 3 and 4 are considered higher cognitive level 
tasks. Level 3 tasks are marked by students engaging in 
complex thinking or in creating meaning for mathemati-
cal concepts, procedures, and/or relationships. These 
tasks require higher-order or complex thinking, but 
without obvious evidence of students’ reasoning and 

understanding. At this level, students engage in perform-
ing mathematical tasks or procedures with connections 
within mathematical concepts, however evidence of these 
connections is not explicit within the assigned tasks. At 
the highest level of cognitive engagement, Level 4, the 
mathematical tasks would engage students in exploring 
and understanding the nature of mathematical concepts, 
procedures, and/or relationships (i.e., they used complex 
and non-algorithmic thinking). At this uppermost level, 
students are expected to use procedures with connec-
tions among mathematical concepts as they work on the 
assigned mathematical tasks.

The first and second authors used this rubric to inde-
pendently code each of the 153 identified segments and 
established interrater reliability using Cohen’s weighted 
kappa (κ = 0.80). This demonstrates substantial to 
approaching almost perfect agreement (Cohen, 1960). 
During this phase of coding, it was necessary to further 
subdivide some of the identified segments as additional 
mathematics concepts or skills were embedded within 
them. Coders resolved disagreements through discussion 
until they reached a consensus for each identified seg-
ment. Once the codes were agreed upon, we were able 
to count the frequency of codes (rubric Levels) for each 
of our three cases. This allowed us to understand the fre-
quency distribution of the cognitive demand in the math-
ematical tasks.

Fig. 1 The Characteristics of the Implementation of Mathematical Tasks at Five Levels of Cognitive Demand. Figure 1 Adapted from The 
Characteristics of the Implementation of Mathematical Tasks at Five Levels of Cognitive Demand (Adapted from Academic Rigor - Implementation 
of the Task rubric - Rubric 2 (Matsumura et al., 2006)
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The final step in our analysis was to look for patterns in 
the segments that were coded at each level. This allowed us 
to understand not just the levels of the tasks, but what spe-
cifically students were doing while engaging in those tasks 
during an integrated STEM curriculum unit. This was first 
done within each case and then compared across the three 
cases in a cross-case comparison.

Qualitative findings
In this section, we first present the three cases (physi-
cal, earth, and life science) individually. Within each case, 
examples of mathematical tasks and how they were coded 
according to the different levels of cognitive demand 
required from students are explained. This is then followed 
by a cross-case comparison, addressing patterns and simi-
larities across the cases. The science units served as the 
three cases for the study - Case 1: physical science, Case 2: 
earth science, and Case 3: life science.

Case 1: Physical science The physical science case 
consisted of four teachers who implemented the same 
curriculum unit. This curriculum unit was based on a 
design challenge in which students were asked to con-
struct a container that does not require a power source 
to keep vaccines cool in warm climates. Therefore, stu-
dents completed activities to determine which materials 
(e.g., metal, cotton fabric) were conductors or insula-
tors, which would allow for heat energy to flow through 
quickly or slowly, respectively. Throughout this unit there 
were a total of 32 segments that included the presence 
of mathematics; this was the lowest frequency count of 
the three cases. An overview of the frequency of codes 
within this physical science unit is presented in Table 3.

When examining the presence of mathematics within 
each of the cognitive demand levels for this case, we 
found that of the 32 instances of mathematics, seven of 
these were coded at Level 0. These represent instances in 
which the teachers either outlined the objectives of the 
lessons as related to mathematics or they gave instruc-
tions or explanations related to mathematics. As a result, 
students were not directly engaged in any mathematical 
activity. For example, in one instance the teacher only 
explained to students that in this unit they were doing 
some data analysis, but data analysis took place in a later 
lesson.

Collectively, 16 of the segments in this case were coded at 
lower levels of cognitive demand (i.e., Level 1 and Level 
2). These two levels accounted for 64% of the instances 
of the non-Level 0 mathematics in this physical science 
unit. One instance of a task that was coded at Level 1 was 
when students were asked to state how they will deter-
mine the mean melting time for three materials: metal, 
wood, and plastic. These instances were coded at this 
lower level of cognitive demand as students were tasked 
with reproducing a formula/fact without performing 
any mathematical procedures or calculations. Another 
instance of a task which was coded at this memoriza-
tion level within this unit was when teachers displayed 
a graph for the cases of a medical condition (Pertussis) 
to the students. At this point, teachers called on students 
to recall vocabulary terms associated with constructing 
graphs. For example, “What do you call the horizontal 
axis of the graph? What letter is attached to it?” A stu-
dent responded, “x-axis.”

The number of mathematical tasks coded peaked at Level 
2 (Table  3) such that students engaged in using a pro-
cedure, but the nature of the task did not allow them to 
make connections to the concepts or meaning underly-
ing the procedure being used. These tasks ranged from 
the basic recall of mathematical facts to decision-making 
based on previously collected data. In this case, students 
were required to read digital thermometers, which is 
a step-by-step procedure that required limited cogni-
tive demand for successful completion. In this instance, 
students were engaged in more than just memorizing or 
reproducing facts, rules, formulae, and definitions.

As students progressed along the unit, the level of cog-
nitive demand for the mathematical tasks increased 
across all teachers. For instance, teachers provided stu-
dents with opportunities to develop mathematical ideas 
related to graphs. Specifically, students analyzed and 
interpreted collected data to make the decisions needed 
to understand the science concepts. Particularly, one 
mathematical task required students to determine which 
of the materials (e.g., felt, bubble wrap, plastic wrap) they 
tested would be a good insulator based on the previously 
collected temperature-change data for these materials. 
This mathematical task engaged the students in making 
decisions about the best insulators needed for the spe-
cific engineering design challenge of creating a vaccine 

Table 3 Distribution of Mathematics Cognitive Demand Codes within the Physical Science Case

Levels of Cognitive Demand Level 0 Level 1 Level 2 Level 3 Level 4 Total

Number of codes 7 5 11 9 0 32
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container and was coded at Level 3. Another instance 
that was coded at Level 3 was when students described 
trends and patterns in line graphs, they created that indi-
cated temperature change over time when testing differ-
ent vaccine containers. They subsequently interpreted 
these graphs and used the information to determine if 
their vaccine container met the criteria of the design 
challenge. Along with exploring the science concepts of 
heat conductors, students were required to use math-
ematical knowledge and skills simultaneously to assist 
in making an informed decision about the most suitable 
material to use. Hence, for both of these instances, stu-
dents were engaged in complex thinking or in creating 
meaning for mathematical concepts, procedures, and/or 
relationships.

Within this physical science case, there were no instances 
in which any mathematical tasks assigned by the teach-
ers were coded at Level 4, the highest level of cognitive 
demand. In other words, none of the tasks required stu-
dents to be engaged in exploring and understanding the 
nature of mathematical concepts, procedures, and/or 
relationships.

Case 2: Earth science The second case was earth sci-
ence, in which there were also four teachers. The design 
challenge for this curriculum unit was to create a mining 
tool that could be used to extract specific renewable and 
nonrenewable resources from different exoplanets min-
ing sites. For this unit, there were a total of 78 instances of 
mathematics recorded and coded, which was the highest 
occurrence of the three cases. These instances included 
activities such as calculating costs of materials, profits, 
and/or area of surfaces. Table 4 provides the distribution 
for the frequency of the cognitive demand codes for the 
implementation of mathematical tasks for the earth sci-
ence case. Based on this distribution, it was noted that 
most of these tasks were found to be at Level 2, with stu-
dents engaged in utilizing previously taught procedures. 
The codes noted for Levels 1 and 3 were equal in number. 
Similar to the physical science case, there were no math-
ematical tasks coded at Level 4.

Of the 78 segments of mathematics in the earth science 
unit, 37 of them were coded at Level 0, which repre-
sents just less than half the total segments. With respect 
to Levels 1 and 2, a total of 32 instances were coded at 

these levels, requiring lower cognitive demand think-
ing from students. The tasks within this unit were pre-
dominantly procedural in nature but were not directly 
connected to other mathematical concepts and hence 
could not be coded above Level 2. More than 78% of the 
occurrences of mathematics across Levels 1 through 4, in 
which students were engaged were at the lower levels (1 
and 2) of cognitive demand. At Level 1 one task preva-
lent in the unit was related to calculating area. In particu-
lar, students needed the area formula to determine the 
area of two-dimensional figures. While all four teachers 
in this case presented mathematical tasks involving the 
concept of area, three specifically requested students to 
recall the area formulas. For example, one teacher stated, 
“We need to find the area,” and then elicited from stu-
dents how this could be accomplished. In one instance, 
a student responded by stating “multiply.” Because this 
specific instance simply involved students reproducing 
a previously learned rule/fact rather than learning it, it 
was coded at Level 1. Students were also engaged in tasks 
related to using procedures previously taught. One exam-
ple was when students were asked to convert improper 
fractions to mixed numbers by the teachers in this case. 
To complete this conversion, students used algorithmic 
steps and subsequently equated the whole numbers from 
the mixed numbers to the number of materials extracted 
from the mining site to the number of shipping container 
units filled.

Similarly, the instances within this earth science case 
that required students to calculate the total cost of min-
ing the resources as well as extracting the resource from 
the mining sites were coded at Level 2. These calcula-
tions were categorized as such because coders considered 
that the addition and/or multiplication algorithms used 
to calculate total cost and finalize the budget would have 
been mathematics competencies/skills covered prior 
to these fourth and fifth-grade levels. Hence, they were 
considered below grade level as there was little ambigu-
ity in these tasks, and the implementation of these tasks 
focused on students producing correct answers rather 
than developing mathematical understanding. However, 
in follow-up lessons, students calculated the profit in 
creating their proposed mining tool and cross referenc-
ing this with the area of environmental impact caused 
by using the tool. This cross-referencing activity enabled 
students to develop an understanding of maximizing 

Table 4 Distribution of Mathematical Cognitive Demand Codes within the Earth Science Case

Levels of Cognitive Demand Level 0 Level 1 Level 2 Level 3 Level 4 Total

Number of codes 37 9 23 9 0 78
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profits, and they were also able to make connections 
between the purpose of the budget and its importance 
to the engineering design challenge. These calculations 
and connections required students to engage in complex 
thinking, and thus supported a deeper understanding of 
concepts and connected ideas instead of simply perform-
ing procedures. This requires some degree of cognitive 
effort and was accordingly coded at Level 3 as guided by 
the rubric. None of the mathematical tasks implemented 
within the earth science case required students’ engage-
ment in exploring and understanding the nature of math-
ematical concepts or procedures nor considerable cog-
nitive effort from students; no instances were coded at 
Level 4 within this unit.

Case 3: Life science Five teachers implemented the 
life science curriculum unit. In this case, the curricu-
lum unit called for students to design and construct a 
model greenhouse capable of maintaining an optimal 
temperature closest to  240 C (75.20 F) and maintain-
ing a temperature between 18 °C and 35 °C (64.4 °F and 
95 °F). As a result, students calculated the area of shapes, 
measured and recorded temperatures, and/or ana-
lyzed data on graphs. In total, there were 43 segments 
in which mathematics was observed. The distribution of 
the cognitive demand codes for this case is presented in 
Table 5. Within this case, the highest number of instances 
coded were at Level 2, signifying that students were 
mostly engaged in using procedures that they previously 
encountered whether it was in prior grades or within the 
said unit. Level 4 was not present in any of the instances 
of mathematics.

We noticed that 19 of the 43 segments with mathematics 
were coded at Level 0, slightly less than 50% of all total 
codes. On examining Levels 1 through 4, we observed 
that for Levels 1 and 2, there were 19 coded segments 
combined, which represents over 79% of the instances of 
mathematics. At Level 1 students were tasked with recall-
ing the formula for finding the area of a triangle as they 
were to consider different possible shapes for greenhouse 
windows. As the lessons continued, there were instances 
where in addition to students recalling the area formula, 
teachers followed up such tasks by requiring students to 
then use formulas for calculating the areas of both tri-
angles and squares for the two types of panels of their 
greenhouse designs. Since these mathematical tasks drew 

on students’ abilities to perform algorithmic calculations 
with limited cognitive demands, the tasks were coded at 
Level 2. The inclusion of this measurement concept of 
area with respect to also determining the window size for 
the greenhouse was similar across all five teachers’ imple-
mentations of mathematical tasks.

To guide students along with the engineering design task 
for this curriculum unit, teachers-initiated class discus-
sions about testing different materials that may be appro-
priate for covering the windows of students’ greenhouse 
models so that the internal temperature can be kept 
within the required optimal range of 64.40 F and  950 F. 
In one such classroom discourse, the teacher shared, “So 
most of the temperature of the material dropped around 
 700 somewhere around there they kind of settled around 
the room temperature...based on that information, what 
have you learned about the material that would be best 
for your greenhouse?” A student responded, “I think the 
felt or tinfoil would work because the felt only went up to 
86 [degrees], and the tinfoil only went up to 72 [degrees].” 
Such instances were coded at Level 3 because this type of 
higher-order questioning required some degree of com-
plex thinking from students as they made connections 
with the results of the temperature data they previously 
collected and one of the criteria (optimal temperature 
range) for the engineering design challenge. Students 
were also entrusted with factoring in the cost of con-
structing the greenhouse and analyzing line graphs in 
their decision-making. As a result of teachers providing 
opportunities for students to acquire a deeper under-
standing and connection of concepts, all these instances 
were coded at Level 3. Notably, yet again there were no 
instances in which mathematical tasks required students 
to engage in considerable cognitive thinking and hence 
the uppermost Level 4 code was not applicable in this 
case.

Cross case comparison From the original 53 classroom 
observation videos identified as including mathematics 
content in some way, we found a total of 153 segments 
of mathematical tasks that spanned the first four levels 
of the cognitive demand rubric; there were no instances 
of Level 4 in any of our cases. However, the distribution 
of the codes in the levels revealed some similarities and 
variations across the cases.

Table 5 Distribution of Mathematics Cognitive Demand Codes within the Life Science Case

Levels of Cognitive Demand Level 0 Level 1 Level 2 Level 3 Level 4 Total

Number of codes 19 8 11 5 0 43
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Throughout the three cases, there were 63 instances 
coded at Level 0. At this initial level, students were not 
engaged in mathematical activity; instead, teachers 
across the units either provided directions, instructions, 
or lesson objectives related to concepts or procedures 
in mathematics. Of these 63 instances, the earth science 
case had the most occurrences of mathematics segments 
(37) coded at this lowest level, while physical science and 
life science were significantly less at seven and 19, respec-
tively. This high occurrence of segments coded at Level 0 
in the earth science unit was evident as to how instruc-
tion heavy these lessons were across all earth science 
teachers. In many instances throughout this unit, teach-
ers explained to students what mathematical concepts 
were involved, for example, in outlining the design chal-
lenge teachers stated that it will be necessary to analyze 
the data or complete a material cost sheet.

At Level 1, students either recalled previously recorded 
temperature values as in the physical science case, or 
they were asked to reproduce previously learned area for-
mulas as in the earth and life science cases. A comparison 
of these two cases indicated that the number of instances 
at Level 1 only slightly differed. The physical science unit 
had a total of five instances of mathematics observed at 
Level 1. Interestingly, across all three cases, this was the 
least represented cognitive engagement Level.

At the other lower-level cognitive demand phase, Level 
2, the implementation of mathematical tasks for all three 
cases showed an increase in occurrences when com-
pared to Level 1. This indicated that teachers assigned 
more mathematical tasks that required higher cognitive 
demand thinking from students. Specifically, across the 
three cases, there were more instances where teachers 
extended students’ knowledge beyond recalling the area 
formulas and required students to calculate areas of tri-
angles and squares. Just as noted for Level 1, the earth 
science case recorded the most instances across the three 
cases for Level 2. Students’ activities at this level of cog-
nitive demand included conversion between mixed num-
bers and improper fractions as well as calculating total 
costs. Whereas, for the physical science case, students 
read thermometers and for the life science case, they cal-
culated areas of shapes. There were an equal number of 
implementations of mathematical tasks coded at Level 2 
for the physical and life science units.

The implementation of mathematical tasks was equal in 
number at Level 3 for both physical science and earth 
science while life science recorded the least of the three 
cases. The mathematical tasks assigned to students in the 
life science unit that were coded at Level 3 drew upon 

students’ abilities to perform mathematical tasks involv-
ing procedures that were critical to decision-making for 
the engineering design challenge. Specifically, students 
were required to make decisions in relation to optimal 
temperatures, surface area, cost factor for the construc-
tion of the greenhouse, and analysis of data. Hence, stu-
dents’ decisions encompassed a combination of math-
ematical and science concepts along with engineering 
skills in their attempts to adhere to the criteria and con-
straints of building their greenhouse models. Students 
also made decisions in the physical science unit; however, 
these decisions were primarily based on the selection of 
the best insulating materials contingent on the change 
between initial and final temperatures. The decision-
making, mathematics-related tasks that students were 
engaged in for the earth science unit were related to max-
imizing profits as well as comparing budgets and envi-
ronmental impact.

In general, among the three cases, earth science had the 
greatest number of mathematical tasks despite there 
being more teachers implementing the life science unit. 
The total number of instances for the physical science 
unit was ten less than that for the life science unit and 
just less than half that for earth science. With respect to 
the overall distribution of codes throughout the three 
cases, over 70% of the codes for each science unit were at 
the lowest levels of cognitive demand. There is a remark-
able absence of implementation of mathematical tasks 
that sought to promote the highest level of cognitive 
thinking from students. The lack of mathematical tasks at 
Level 4 in particular, meant students were not presented 
with opportunities to aptly understand and explore the 
nature of mathematical concepts, processes, or relation-
ships. Such learning opportunities would be synonymous 
with using non-algorithmic thinking and procedures 
as well as exploring and extending students’ thinking in 
relation to mathematical concepts and ideas within these 
science units.

Discussion
This study examined the presence of mathematics in inte-
grated STEM instruction as well as the levels of cogni-
tive demand required by mathematical tasks which were 
assigned to students within integrated lessons for physi-
cal, earth, and life science units. The examination of these 
two areas was driven by the notable under-representation 
of mathematical content within integrated STEM edu-
cation (English, 2016; Marginson et al., 2013) and, more 
specifically, the level of mathematical thinking required 
from students in integrated STEM curricula (Baldinger 
et  al., 2020; English, 2016; Stohlmann, 2018). Moreover, 
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we were drawn to the importance paid to a discipline-
integrated approach in education (Li et  al., 2020; Mar-
tín-Páez et  al., 2019). It is clear from the literature that 
mathematical tasks ought to be intentionally included in 
integrated STEM lessons (Fitzallen, 2015; Maass et  al., 
2019; Shaughnessy, 2013). Moreover, attention must be 
given as to how the implementation of these mathemat-
ics tasks is combined with other disciplinary content to 
support mathematics concept development; this occurs 
when mathematics tasks are at higher levels of cognitive 
demand. These considerations in this study in relation to 
mathematics inclusion were fueled by the disparity that 
currently exists in comparison to the extent to which sci-
ence is noticeably represented and emphasized in inte-
grated STEM. As Ring et  al. (2017) and Ring-Whalen 
et al. (2018) noted, teachers often position mathematics 
as “less than” in integrated STEM curricula, seeing it as a 
support for teaching science and engineering. As a result 
of this need, in this study, we explored both features.

Our initial quantitative analysis showed that the pres-
ence of mathematics in integrated STEM lessons resulted 
in statistically significant differences in mean rank order 
between integrated STEM lessons that included math-
ematics and without mathematics. From our findings, 
Items 4 and 5 on the STEM-OP were highlighted for two 
main reasons, their statistically significant differences 
in mean rank order as well as the direct presence and/
or integration of multiple disciplines. Our finding that 
video-recorded observations that include mathematics 
scored higher on these items than those without math-
ematics reinforces the idea that including mathemati-
cal content within integrated STEM lessons correlates 
to overall increased cognitive engagement as well as the 
depth of content integration in a meaningful way. This 
can ultimately provide effective student learning opportu-
nities. The results of the Mann-Whitney-Wilcoxon tests 
also showed that when teachers intentionally included 
mathematical content in integrated STEM lessons, there 
were significant statistical differences for other items 
among the two groups. In particular, we observed higher 
overall scores on Items 3–9, which indicates the vital role 
that mathematics has within integrated STEM education 
as measured by the STEM-OP (Dare et al., 2021).

In our second qualitative component, we observed that 
teachers in each science domain presented the math-
ematics and science content within an engineering design 
context that allowed students to develop an under-
standing of mathematical content (Moore, Stohlmann, 
et  al., 2014) categorized at the different levels of cogni-
tive demand. Even though mathematics was included in 
the integrated STEM lessons for this study, the math-
ematical tasks that students engaged in did not neces-
sarily allow them to reach the highest level of cognitive 

demand, Level 4. We were particularly drawn to the high 
number of instances coded at Level 0 across the cases - a 
total of 63 out of 153 instances. The rubric as proposed 
by Matsumura et  al. (2006) outlines this initial level as 
the absence of direct student engagement in mathemati-
cal activities. There were many instances when teachers 
either described the lesson/unit objectives or gave expla-
nations that were mathematical in nature. This signifies 
that although there was intent on the part of teachers 
to integrate mathematical activity within the integrated 
STEM units, the extent to which these activities engaged 
students was not always evident (i.e., they were not always 
necessarily reflected in actual implementation). With 
respect to the next two levels, our findings revealed that 
even though the earth science case contained the greatest 
number of mathematical tasks compared to the other two 
cases, the majority of these tasks were at the lower lev-
els of cognitive demand: Levels 1 and 2. As noted in the 
cross-case comparison, of the three cases, the physical 
science unit recorded the fewest instances coded at Level 
1, such that students engaged in mathematics beyond 
memorizing or recalling mathematical facts, formulas, 
or rules. Furthermore, both life science and physical sci-
ence units reported the same number of instances coded 
at Level 2, thus indicating a similarity among teachers in 
these two units in requiring students to engage in using 
procedures when performing mathematical tasks. The 
implementation of these integrated STEM lessons dem-
onstrated that the science teachers within this study pos-
sess mathematics subject-matter knowledge based on the 
mathematical tasks that they assigned to their students 
within the units. The issue, however, stands as to how sci-
ence teachers can be taught or encouraged to successfully 
incorporate their mathematics knowledge with their sci-
ence knowledge within integrated STEM lessons to effec-
tively create tasks that facilitate high cognitive demand 
from their students.

For the instances in the integrated STEM lessons that 
were coded at a high level of cognitive demand, which 
were all at Level 3, we observed that the scientific con-
tent covered in the physical, earth, and life science units 
facilitated the use of mathematical reasoning skills by 
connecting the mathematics content to the engineering 
problem. For example, some tasks required that students 
engage in optimizing profits tied to creating a budget; 
representing and interpreting statistical data is neces-
sary to make decisions about designing prototypes or 
selecting the appropriate materials for prototypes. These 
assigned tasks necessitated the meaningful integration 
of mathematical concepts within science and/or engi-
neering contexts to address the engineering design chal-
lenge. This suggests that the teachers in this study could 
integrate content across the STEM disciplines and that 
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mathematics plays an integral role in this process, espe-
cially concerning the engineering design challenge. This 
notion was previously noted and supported by the quan-
titative findings of our study; the inclusion of mathemat-
ics in integrated STEM lessons positively affected how 
these lessons scored on the STEM-OP.

Despite this favorable effect of the presence of math-
ematics concepts within integrated STEM instruction, 
interestingly, our findings showed that of the 2030 STEM 
lessons observed, only 637 (31%) of them contained 
mathematical content. This low representation of math-
ematics within the integrated STEM lessons of this study 
as compared to the other disciplines of science, technol-
ogy, and engineering, was no surprise as acknowledged 
by other researchers (e.g., English, 2016). Our closer 
examination of the mathematical tasks assigned within 
these integrated STEM lessons indicated that what is 
currently being included did not require the highest level 
of cognitive demand thinking, i.e. Level 4, from students. 
This mirrors the notion that when it comes to integrated 
STEM education, science teachers may inherently under-
stand the importance of including mathematics, but do 
not always prioritize it in their curriculum design and 
implementation (Ring-Whalen et al., 2018; Roehrig et al., 
2021). Our findings further suggest that when teachers 
do incorporate mathematics into their integrated STEM 
teaching, they may not consider the degree to which the 
mathematical tasks are cognitively demanding as their 
focus is more on creating opportunities for including 
mathematics to begin with (Ring-Whalen et  al.,  2018). 
It would appear that the science teachers’ focus in this 
study was predominantly developing science and/or 
engineering concepts and practices, hence they incor-
porated mathematical skills/tasks which they felt were 
part of their students’ prior knowledge or would have 
been covered in previous grades. For example, there were 
instances when teachers drew on mathematical concepts 
such as finding the area of two-dimensional shapes or 
calculating means. These topics were not taught in the 
integrated STEM lessons that were observed for this 
study: instead, teachers merely asked students to recall or 
perform those tasks, thus assuming that these concepts 
were previously learned by students.

Our exploratory work here suggests that new math-
ematical concepts ought to be introduced within STEM 
instruction if the goal of integrated STEM education is to 
ultimately develop content knowledge and skills across 
all STEM disciplines, not just science and engineering. 
Consequently, our work confirms what other research-
ers have called for in terms of a stronger emphasis on 
mathematics in integrated STEM education (e.g., Eng-
lish, 2016; Marginson et  al., 2013; Shaughnessy, 2013). 
This will require energy and effort in terms of curriculum 

design and implementation. For instance, including Level 
4 tasks would likely require significant revisions to the 
curriculum, not to mention equipping the teachers (the 
curriculum designers) with in-depth knowledge of devel-
oping such higher-level cognitive demanding mathemati-
cal tasks.

Limitations
There are two main limitations to this study. First, the 
researchers did not conduct direct classroom observa-
tions of the teachers implementing the integrated STEM 
lessons. The primary data source was pre-recorded vid-
eos; therefore, it was challenging at times to capture all 
instances when students were directly engaged in math-
ematical tasks. This meant that we coded and analyzed 
the data based on the audio generated from teacher-
student discussions and other classroom discourse and 
student activities captured by the camera located in the 
classroom. Second, most of the video observations from 
the original project in which the videos were collected 
focused on fourth through eighth-grade classrooms. We, 
however, analyzed a specific subset of these elementary-
grade videos using the Academic Rigor - Implementation 
of the Task rubric (Rubric 2) (Matsumura et  al., 2006). 
Analyzing the remaining fourth and fifth-grade video 
observations would allow for more comprehensive data 
collection and analysis processes. As a result, generaliz-
ability to other grade levels needs to be taken into consid-
eration as the data collection and analysis were done for 
integrated STEM lessons taught by science teachers in 
grades at the elementary level. Applying the Implemen-
tation of the Task rubric at the kindergarten to second-
grade level would allow for a comparison of the levels of 
cognitive demand for mathematical tasks between the 
elementary grades and the earlier grades. Additionally, 
future work should expand this study to middle and high 
school grade level curriculum units to understand how 
or if the level of mathematics cognitive demand changes 
given Baldinger et al.’s (2020) work indicating mathemat-
ics conceptual needs are not being met at the secondary 
level within discipline integrated settings.

Implications
In addition to science teachers’ approaches to imple-
menting integrated STEM education, the findings from 
this study also have implications for teachers in general 
who engage or who are considering engaging students in 
integrated STEM activities. There are also implications 
for professional development initiatives which are geared 
towards promoting integrated STEM teaching among 
teachers. Addressing the level of cognitive demand for 
assigned mathematical tasks in integrated STEM les-
sons needs more attention. In this study, science teachers 
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demonstrated that they assigned mathematical tasks at 
the higher cognitive demand, Level 3, however, unfor-
tunately these were not implemented as frequently as 
lower-levels (Levels 1 and 2) mathematical tasks.

Providing additional support to science teachers while 
they design mathematical tasks alongside science and 
engineering content may assist them in creating more 
cognitively demanding mathematical tasks for their inte-
grated STEM curricular units. This support afforded to 
science teachers should pay attention to how the con-
stituent disciplines’ concepts are interconnected. One 
beneficial implication of such support can assist these 
teachers in engaging students in engineering design 
challenges requiring mathematics and science knowl-
edge within integrated STEM lessons. This is critical as 
generally mathematics and science standards are geared 
towards allowing students to develop a deeper under-
standing of the respective content concepts. Therefore, 
we recommend professional development that focuses on 
guiding teachers to intentionally consider the inclusion 
of higher-order mathematical tasks within integrated 
STEM teaching. One means to accomplish this is famil-
iarizing teachers with rubrics such as the one employed 
in this study. This could help to ensure the designed tasks 
effectively meet the four levels of cognitive demand. The 
ideal professional development ought to be co-taught by 
a science and mathematics education expert to ensure 
both discipline content needs are being addressed. Addi-
tionally, at the school site level, science teachers should 
collaborate with their mathematics colleagues to ensure 
that grade-level appropriate mathematical content is 
adequately addressed/presented in STEM lessons and 
activities. This will require support from the school 
administration with respect to designating simultaneous 
planning times for teachers.

Our study implies that it is also imperative that teacher 
educators ignite the importance to teachers, both pre-
service and in-service, of targeting mathematical tasks 
within integrated STEM lessons that require higher lev-
els of cognitive thinking from students. Awareness of this 
can be instructive and beneficial for teachers in the plan-
ning and implementation of quality integrated STEM les-
sons. There is no doubt that teachers can strive to include 
opportunities for high-level thinking through cognitively 
demanding tasks by way of questioning, providing oppor-
tunities for students to make connections, and support-
ing their answers with explanations (Boston, 2012).

Conclusion
This study resulted in two significant findings for includ-
ing mathematics in integrated STEM units. Using  
the  STEM-OP  that measures the degree to which 
integrated STEM is present, we found that adding 

mathematics content to integrated lessons increases the 
degree of STEM integration as measured by our protocol. 
The second finding is that teachers in this study presented 
cognitively demanding mathematical tasks to students in 
integrated STEM lessons. However, these tasks mainly 
fell into the lower-level demand categories of Level 1 and 
Level 2, especially in the physical and life science units. 
These findings suggest that additional work in the area of 
inclusion of higher cognitively demanding mathematical 
tasks needs to be more specifically examined. Addition-
ally, support and guidance for teachers with respect to 
effectively attending to extending students’ mathematical 
learning within integrated STEM lessons.

An overarching goal of STEM integration is to ulti-
mately provide experiences that build skills and con-
cepts as equitably as possible within and across all its 
disciplines, therefore, addressing how mathematics tasks 
are being included is necessary (NAE and NRC, 2014). 
Our findings reiterate the call for more research that is 
needed to establish a better understanding of both the 
presence and quality of mathematics tasks in integrated 
STEM education.
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