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ABSTRACT
Introductory geoscience courses enroll 

hundreds of thousands of students a year, 
most of whom do not major in the geosci-
ences. For many, including future K–12 
teachers, an introductory course is the 
only place they will encounter Earth sci-
ence at the college level. New standards 
for K–12 science education have profound 
implications for teacher preparation, par-
ticularly in Earth science. The new stan-
dards call for taking a systems approach, 
highlighting how humans interact with 
Earth, making use of science and engi-
neering practices, and engaging students 
in discourse. Analysis of responses to the 
National Geoscience Faculty Survey  
(n = 813 in 2004; n = 994 in 2009; n = 972 
in 2012; and n = 1074 in 2016) and data 
from 152 syllabi suggest that a systems 
approach is not widespread and human 
interactions with Earth are not empha-
sized, and that most instructors engage 
students in mostly low cognitive-level 
practices. While the use of discourse 
practices has increased over time, these 
and other active learning components  
are not yet widely included in students’ 
grades. These results suggest that courses 
are not currently well-aligned with 
teacher needs. However, instructors have 
access to many research-based instruc-
tional resources to support them in mak-
ing changes that will help all students—
including future teachers.

INTRODUCTION
Several hundred thousand students 

enroll annually in introductory geosci-
ence courses at institutes of higher edu-
cation (Martinez and Baker, 2006). 

Fewer than 4000 students a year gradu-
ate with undergraduate degrees in geo-
science (Wilson, 2016), however, which 
means that these courses serve a very 
large population of students that major  
in anything other than the geosciences. 
Few science majors require their stu-
dents to take a geoscience course—it is 
not common for biology (Cheesman et 
al., 2007), nor recommended as a cog-
nate for chemistry (ACS-CPT, 2015). In 
most cases, therefore, students enroll in 
geoscience courses to fulfill a general 
education requirement (Gilbert et al., 
2012). Within this audience is a group of 
students that will become K–12 teachers, 
as most traditional teacher preparation 
programs do not include specific science 
content courses as part of their curricula 
(NRC, 2010). In the current teaching 
workforce, 64% of middle school teach-
ers and 42% of high school teachers 
assigned to teach Earth science took no 
geoscience courses beyond introductory 
(Banilower et al., 2013). One critical  
purpose that introductory geoscience 
courses serve, therefore, is providing 
future teachers with their primary college- 
level Earth-science experience.

While it is easy to lament the numbers, 
teacher preparation is part of a complex 
system influenced by state certification, 
district needs and requirements, univer-
sity degree requirements, and many 
other components (NRC, 2010). Within 
this complex system, disciplinary 
departments at institutes of higher  
education often play the role of content  
providers. Given this role, how well do 
introductory courses in the geosciences 
serve the population of future teachers?

BACKGROUND
Starting in 2007, communities of sci-

entists developed consensus documents 
that define what every citizen should 
know about climate science (Climate 
Literacy Network, 2009), atmospheric 
science (UCAR, 2007), the oceans 
(Ocean Literacy Network, 2013), and 
Earth science (ESLI, 2010). A few years 
later, work began at the national level to 
develop a new set of science standards 
for grades K–12. An early step in that 
process was the publication of the 
Framework for K–12 Science Education 
(NRC, 2012b), which articulates three 
interconnected dimensions: science and 
engineering practices, cross-cutting  
concepts, and disciplinary core ideas. 
The disciplinary core ideas in the Earth 
and space sciences (Earth’s place in the 
universe, Earth’s systems, and Earth  
and human activity) emerged from the 
literacy documents, and thus represent  
a broad consensus of the scientific  
community (Wysession, 2012). The 
Framework provided guidance for the 
development of the Next Generation 
Science Standards (NGSS), which  
consist of a limited number of rigorous 
learning goals expressed as performance 
expectations (PEs) that integrate the 
three dimensions (see Table S1 in the 
GSA Data Repository1) (NGSS Lead 
States, 2013).

The vision for K–12 science education 
in the Framework and NGSS represents 
a significant shift conceptually and ped-
agogically, especially in Earth science. 
Conceptually, the NGSS take a systems 
approach, emphasizing the dynamic 
interactions between the atmosphere, 
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ocean, land, and life—an approach that 
has been advocated for more than 20 
years (e.g., Ireton et al., 1996) but has 
been slow to be adopted. The system 
includes humans, too: no longer, for 
example, will it be sufficient for students 
to describe the global distribution of 
resources. In the new standards, the PEs 
ask students to tie that distribution to 
human activity and assess the impacts of 
resource extraction on the environment 
(Table S1 [see footnote 1]).

Pedagogically, integrating the three 
dimensions requires that “students 
actively engage in scientific and engi-
neering practices in order to deepen their 
understanding of cross-cutting concepts 
and disciplinary core ideas” (NRC, 
2012b, p. 217). The structure of this sen-
tence is purposeful: active engagement 
in the practices comes first and leads to 
deeper understanding. The practices 
describe the use of data as the founda-
tion for developing explanations that  
are modified and refined through active 
discourse (Table S2 [see footnote 1]).  
In Earth science, the PEs shift the focus 
from identification and description of 
Earth materials and landforms to analyz-
ing geoscience data to construct explana-
tions, make decisions, and evaluate  
solutions (Table S1 [see footnote 1]). 
Together, these changes led Wysession 
(2014) to assert that “the NGSS provide 
America’s best opportunity yet in its 
almost 240-year history to educate its 
citizens about the complex and critical 
issues of Earth science.”

This is an exciting development for the 
Earth-science community but one that 
will not be fully realized without deliber-
ate effort from all components of the edu-
cational system. Because a powerful way 
that teachers learn to teach is by observa-
tion, mimicking the teaching strategies 
they have experienced as learners 
(Windschitl and Stroupe, 2017), one key 
leverage point for effecting change is the 
science courses that future teachers take. 
In the geosciences, we have two rich data 
sets that can be explored to assess the 
extent to which introductory geoscience 
courses align with the vision of the 
Framework. The National Geoscience 
Faculty Survey (NAGT, 2018) was admin-
istered in 2004, 2009, 2012, and 2016. 
The original survey was developed before 
the Framework, but is based on the same 
foundational documents. Over the four 

administrations, 3853 responses address 
introductory courses. A second data set 
comes from participants in professional 
development opportunities (PD) led by 
On the Cutting Edge (Manduca et al., 
2010), who uploaded syllabi to a digital 
repository, where they are publicly avail-
able (SERC, 2002). The methods of analy-
sis of these two data sets are described in 
the GSA Data Repository (see footnote 1).

RESULTS

Demographics
The number of respondents who com-

pleted the survey describing an introduc-
tory course they teach has been ~1000 for 
the past three administrations (Table S3 
[see footnote 1]); responses come from all 
institution types, as do the 152 syllabi 
uploaded between 2002 and 2016 (Table 
S4 [see footnote 1). Although the distribu-
tion across institution types differs some-
what, both fall within range of an earlier 
report on introductory courses (Martinez 
and Baker, 2006). Both data sets include 

courses that span the disciplines in the 
geosciences, with the largest combined 
numbers in Earth science, geology, and 
oceans (Table 1), which are among the 
courses current teachers most commonly 
report having taken as undergraduates 
(Banilower et al., 2013).

The total number of students enrolled 
in the introductory courses represented in 
the survey responses ranges from a low  
of 66,725 in 2004 to a high of 81,636 in 
2009, followed by 68,170 in 2012 and 
70,198 in 2016. This represents about a 
third of students counted through depart-
mental responses to a survey describing 
2004–2005 enrollments (Martinez and 
Baker, 2006), and perhaps 20%–25% of 
enrollment in 2016.

Survey Analysis
In all four survey administrations, 

respondents were asked how frequently 
they used specific teaching strategies in 
the “lecture” portion of their introductory 
course (Fig. 1). A large majority use tradi-
tional lecture in every class, but the pro-
portion has decreased significantly over 
time. In parallel, the proportion of 
instructors using small-group discussions 
and in-class exercises—considered 
active-learning strategies—in every class 
and weekly has increased over time. 
Respondents employ these strategies 
regardless of the number of students in 
their classes (Tables S5 and S6).

A set of questions on the 2016 survey 
asked respondents to indicate the fre-
quency with which their students engaged 
in particular practices (Fig. 2). “Three or 

Figure 1. Histogram showing 
the frequency of use of teach-
ing strategies over the four 
survey administrations. Aster-
isks indicate statistically sig-
nificant differences in propor-
tions (p < 0.05) between survey 
years; the significance is only 
shown for a particular fre-
quency of use when there is a 
difference between multiple 
years. Asterisks with bars indi-
cate that there is no significant 
difference between the two 
years connected by the bars, 
but there is a difference 
between those two years and 
the others.

TABLE 1. COURSE DISCIPLINES 
Broad discipline Survey 

respondents 
Total 

syllabi 
Atmosphere 291 9 
Earth science 218 12 
Earth systems 74 3 
Environmental 312 9 
Geography 152 0 
Geology 1375 77 
Hazards 168 9 
Historical 333 4 
Oceans 294 25 
Other 543 3 
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more times” can be considered the thresh-
old for distributed practice, a strategy that 
has been shown to increase knowledge 
and skill acquisition and retention in a 
variety of fields (Benjamin and Tullis, 
2010). About 45% of instructors engage 
students in distinguishing observations 
from interpretations three or more times, 
while few ask students to formally pre‐
sent their work or conduct statistical  
analyses. Respondents who teach oceans 
courses ask their students to read the  
primary literature, work with geospatial 
data, and use algebraic equations more 
frequently than respondents who teach 
geology courses. A majority ask students 
to work repeatedly in teams, with the 
greatest frequency reported by those who 
teach Earth science (Fig. 2).

Another set of questions asked instruc-
tors whether they make use of various 
activities (Fig. 3). Less than half 
responded that they engage students in 
collecting and analyzing their own data 
and/or addressing uncertainty, while just 
over half ask students to access and inte-
grate information from different sources 
or describe quantitative evidence in sup-
port of an argument. Few engage students 
in working on local problems or environ-
mental justice issues, but those who teach 
oceans and Earth science are more likely 

to do so than those who teach geology. 
While most ask students to address a 
problem of global or national interest, 
those who teach oceans are 15%–20% 
more likely to do so than those who teach 
geology (Fig. 3). Those who teach oceans 
courses are also significantly more likely 
to include aspects of systems thinking, 
such as analyzing feedback loops, dis-
cussing a change that has multiple effects 
throughout a system, and describing a 
system in terms of its parts and relation-
ships. The overall likelihood of asking 
students to engage in high-level systems-
thinking behavior, such as building pre-
dictive models, exploring systems behav-
ior using computer models, and making 
systems visible through causal maps is 
low (Fig. 3).

Syllabus Analysis
The number of topics listed in course 

syllabi ranged from 10 to 30, with a mean 
of 17.5. When controlled for the number 
of weeks (10 weeks for quarters, 15 for 
semesters), courses averaged 1.2 topics 
per week. The most common topics are 
listed in Table 2 in order of popularity; 
within syllabi, the order and specific 
phrasing were highly correlated with the 
required textbook. Geology and Earth 
science topics overlap by two-thirds, 

while oceans courses are mostly different 
from both (Table 2). Systems are listed as 
a topic in six geology syllabi and none in 
either oceans or Earth science.

Learning outcomes were included  
in 78 syllabi. The number of learning 
outcomes ranged from three to 20 per 
course, and typically consisted of 
phrases that included one or more action 
verbs (e.g., “describe the processes and 
byproducts of weathering”). Instructors 
use lower cognitive-level (Krathwohl, 
2002) action verbs most frequently,  
primarily describe, identify, and explain 
(Fig. 4). In comparison, the action verbs 
in the high school-level PEs (Table S1 
[see footnote 1]) are more evenly distrib-
uted across all cognitive levels (Fig. 4). 
Nine syllabi included a learning outcome 
focused on systems (specifically an 
Earth system—not the solar system or 
ecosystem); ten included a learning out-
come that referred to human activity 
and/or society. The majority of these use 
high cognitive-level action verbs like 
evaluate and synthesize.

Assessment
Of the 152 syllabi, 136 included infor-

mation about the relative contribution of 
different types of student work to the 
final grade (Table 3); the proportions  
did not vary significantly between Earth 
science, geology, and oceans. Exams 
dominate the assessment strategies; 
exams and quizzes together contribute 
an average of 60% to a student’s final 
grade (Table 3), though the variability is 
high, with a standard deviation of 20.7% 
and a range from 0% to 100%. In-class 
activities are included by about a third of 
instructors, and homework is factored in 
by about half, but both constitute a small 
proportion of the grade, generally less 
than 20%.

DISCUSSION
The surveyed population appears to 

represent a comprehensive and large sub-
set of those teaching introductory geosci-
ence courses in the United States based 
on the number of responses and the 
reported number of students enrolled. 
Though they consist of a much smaller set 
covering several years, syllabi appear to 
represent a reasonable subset of respon-
dents due to the similarity in distribution 
by institution type (Table S4 [see footnote 
1]) and course disciplines (Table 1).

Figure 2. Histogram showing frequencies of use of practices for all intro-
ductory courses and for Earth science, geology, and oceans courses. 
Asterisks indicate statistically significant differences in proportions 
(p < 0.05) between discipline areas.
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Adequacy at Preparing Teachers

Earth-Systems Approach and Systems 
Thinking

Hallmarks of an Earth-systems 
approach in a learning environment 
include the use of real-world problems 
that integrate multiple disciplines 
(Holder et al., 2017), model-based rea-
soning by students (Pallant and Lee, 
2017; Stillings, 2012), scaffolds that  
support students in developing their 

understanding of complex systems over 
time (Hmelo-Silver and Azevedo, 2006), 
and explicit instruction in complexity 
concepts such as feedback loops 
(Stillings, 2012) and systems dynamics 
(Pallant and Lee, 2017). High school 
teachers should be able to support stu-
dents’ progress toward the PE that reads 
“Use a model to describe how variations 
in the flow of energy into and out of 
Earth’s systems result in changes in  
climate” (NGSS Lead States, 2013).

In introductory geoscience courses, the 
results shown here suggest that a systems 
approach is not taken. “Earth system” and 
“systems” are rarely mentioned in syllabi, 
either as course topics or in learning out-
comes; thus, these framing concepts are 
likely not apparent to students. While a 
majority of instructors indicate that they 
ask students to describe a system, only a 
small minority reach the higher-order 
skills such as analyzing feedback loops 
and using model-based experiments and 
reasoning, particularly in geology courses.

Systems thinking is an integral aspect 
of the NGSS, articulated in both the 
cross-cutting concepts and core ideas,  
but it is not fully realized in introductory 
geoscience courses, particularly geology. 
Fortunately, early admonishments to 
incorporate systems thinking have 
evolved into a strong literature base  
supporting specific practices that can 
build students’ systems-thinking skills. 
Engaging with models helps students 
develop understanding of the complexity 
of systems (e.g., Wu, 2010). And even 
more recently, curricular materials devel-
oped through the InTeGrate project 
(InTeGrate, 2017) have been made widely 
available and shown to be effective at 

Figure 3. Histogram showing the use of aspects of scientific investigations for all introductory courses and for Earth sci-
ence, geology, and oceans courses. Asterisks indicate proportions that are significantly different (p < 0.05) between 
discipline areas.

 
TABLE 2. FIFTEEN MOST COMMON TOPICS IN SYLLABI 

Geology Earth science Oceans 
Plate tectonics Plate tectonics Plate tectonics 
Earthquakes Earthquakes Waves 
Igneous rocks Igneous rocks Ocean sediments 
Minerals Minerals Tides 
Sedimentary rocks Sedimentary rocks History of oceanography 
Metamorphic rocks Oceans Ocean circulation 
Volcanoes Weather Coasts 
Geologic time Metamorphic rocks Seawater 
Streams Volcanoes Ocean life 
Weathering Geologic time Seafloor 
Deformation Streams Water 
Glaciers Groundwater Ocean currents 
Earth’s interior Solar system Atmospheric circulation 
Groundwater Nature of science Origin of the oceans 
Resources Atmosphere Ocean pollution 
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Figure 4. Frequency of use of action verbs at 
different Bloom’s levels in learning outcomes 
and performance expectations. Note that 
more than one action verb may be included per 
learning outcome.

developing students’ systems-thinking 
skills in introductory courses (Gilbert et 
al., 2019; Iverson et al., 2019).

Human Interactions with Earth
Fully one-third of the PEs in the NGSS 

address human interactions with Earth 
(Table S1 [see footnote 1]). Even at the 
middle school level, students should be 
able to “construct an argument supported 
by evidence for how increases in human 
population and per-capita consumption of 
natural resources impact Earth’s systems” 
(NGSS Lead States, 2013). In contrast, 
almost none of the top fifteen topics listed 
on syllabi in Earth science, geology, or 
oceans highlight connections to humans 
(Table 2): only resources (in geology) and 
ocean pollution (in oceans). Most instruc-
tors in geology and Earth science instead 
spend as much as a third of course time 
covering rocks and minerals, topics that 
are conspicuously absent from the PEs 
(Table S1 [see footnote 1]). Textbooks 
appear to be one of the primary determi-
nants of topics, which may mean that,  
in order to address topics like hazard mit-
igation and managing natural resources, 
instructors need to change or supplement 
their required text.

There are other reasons to emphasize 
connections to individuals and societies 
in introductory courses. Investigating 
phenomena that connect to their lives and 
communities can provide students with 
motivation for learning (e.g., Glynn et al., 
2009). But less than half of instructors 
engage students in investigations that 
emphasize connections to societal issues 
and disproportionately fewer geology 
instructors do so (Fig. 3).

Currently, human interactions with 
Earth are not emphasized in most intro-
ductory geoscience courses, leaving stu-
dents ill-prepared to make personal, pro-
fessional, and societal decisions about 
development, resource use, and many 
other issues. This is unfortunate for 
teachers, but the lack of connections to 
society (and thus perceived irrelevance  
of the discipline) can negatively impact 
recruitment and retention of students into 
the geosciences (e.g., Huntoon and Lane, 
2007). The American Geosciences 
Institute defines nine “critical needs” 
where geoscience contributes to the 
development of solutions (AGI, 2016); 
these issues provide a framework for cur-
ricular materials that give students the 

opportunity to engage in data-rich,  
problem-solving activities (Egger et al., 
2019). These and other resources can sup-
plement or replace textbooks to emphasize 
human interactions with Earth and build 
relevance and motivation for students.

Using Practices to Engage with Data
The eight science and engineering prac-

tices of the Framework (NRC, 2012b) 
make components of authentic scientific 
investigation explicit (Table S2). The prac-
tices move instruction and learning away 
from the unrealistic conception of the lin-
ear scientific method and toward a more 
authentic view of what scientists and engi-
neers really do (e.g., Schwartz et al., 2017).

While the PEs focus on using the prac-
tices to investigate phenomena, the learn-
ing outcomes in introductory courses 
emphasize content knowledge (Fig. 4). The 
large number of topics and learning out-
comes addressed in courses may contrib-
ute to the paucity of higher-level learning 
outcomes, but engaging in high-level 
activities (while covering fewer topics) has 
been shown to increase learning gains for 
students (e.g., Freeman et al., 2014; NRC, 
2015) and allows for more student-driven 
questioning that, like relevance, can moti-
vate further investigation. In particular, 
instructors mostly do not engage students 
in developing and using models (SEP 2, 
Fig. 3). Most make very limited use of 
mathematical and computational thinking 
(SEP 5)—especially statistics (Fig. 2)—
and obtaining, evaluating, and communi-
cating information (SEP 8), since a minor-
ity ask students to read the primary 
literature or formally present (Fig. 2). In 
analyzing and interpreting data (SEP 4), 
nearly all instructors ask students to distin-
guish observations from interpretations 
(Fig. 2), but far fewer ask them to collect 
their own data and analyze them with all 
of the uncertainty and ambiguity inherent 
in that process (Fig. 3).

The emphasis on exams as a major com-
ponent of final grades (Table 3) suggests 
that assessment is still heavily weighted 
toward content knowledge rather than 
engagement in the practices. While it is 
possible to design exams that assess skills 
rather than content (e.g., Jensen et al., 
2014), many syllabi indicated that exams 
were multiple choice only and/or based 
solely on content in different portions of 
the course. As alternatives or in addition  
to exams, labs, homework, projects, and 

TABLE 3. FINAL GRADE COMPONENTS 
Component No. (%) of 

syllabi 
Average 

contribution 
Exams 126 (92%) 41.2% 
Final exam 86 (63%) 22.7% 
Lab 76 (56%) 27.9% 
Homework 66 (49%) 19.8% 
Quizzes 65 (48%) 16.0% 
Project/report 53 (39%) 18.0% 
In-class 
activities 48 (35%) 16.1% 

Participation 28 (21%) 7.7% 
Attendance 7 (5.1%) 8.9% 
E + FE + Q* 134 (99%) 60.1% 
   *The sum of contributors to final grades 
for exams, final exams, and quizzes. 
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in-class activities can provide more fre-
quent and better opportunities to assess the 
extent to which students are effectively 
making use of the practices.

Teamwork, Collaboration, and Discourse
Rearranging topics to take an Earth-

systems approach, including more con-
nections to human activity and society, 
and engaging students in working with 
data will not alone produce the kind of 
changes envisioned in the Framework.  
As noted by Windschitl and Calabrese 
Barton (2016), “It would be difficult to 
overstate the importance that discourse is 
now recognized to play in all aspects of 
science instruction” (p. 1128). Discourse 
involves eliciting student ideas, prompt-
ing students to talk with each other to 
compare their ideas and explain their rea-
soning, and situating the classroom as a 
community that is working together to 
make sense of the Earth system.

Since 2004, the use of small-group dis-
cussion such as think-pair-share has grown 
substantially in introductory geoscience 
courses (Fig. 1), with ~35% of instructors 
reporting in 2016 that they use the tech-
nique at least weekly. Whole-class discus-
sion is used somewhat less frequently (Fig. 
1), though this too is an important compo-
nent of building the sense of community in 
the classroom (Kloser, 2014). Well over 
half of instructors have students work in 
teams three or more times throughout a 
course, and over 80% do so at least once 
(Fig. 2). Although both of the data sets 
examined in this study are self-reported, 
Teasdale et al. (2017) found a strong cor-
relation between self-reports of the fre-
quency of use of in-class exercises and 
observations of student-student interactions, 
group work, and discussion. The classrooms 
where these behaviors were observed were 
classified as “student-centered,” which con-
stituted 25% of the total they observed— 
a similar proportion to the proportion of 
instructors who reported using in-class 
exercises and/or small-group discussion  
in every class in 2016 (Fig. 1).

Several pedagogic strategies designed 
for the undergraduate classroom support 
the use of productive discourse, including 
lecture tutorials (Kortz et al., 2008), peer 
interactions and reflection (Mason and 
Singh, 2010), and two-stage (or collabora-
tive) exams (Gilley and Clarkston, 2014), 
among many others. Providing students 
the opportunity to think and process new 

information in real time with their peers 
leads to better understanding and is worth 
the class time devoted to it.

CONCLUSIONS
The importance of Earth science to 

societal issues is embedded in the NGSS, 
which have been widely adopted across the 
United States, and the performance expec-
tations set ambitious goals for students—
and their teachers. As geoscientists, we 
teach students who go on to a variety of 
careers, including K–12 teaching, and we 
must adapt our courses to prepare them. 
Although our classes have become more 
active and student-centered over the past 
fifteen years, we have been slow to take a 
systems approach, make strong connec-
tions to human activity, and adopt 
research-based strategies that are shown  
to improve learning.

Now is the time to fulfill our “best 
opportunity yet … to educate [our] citi-
zens about the complex and critical issues 
of Earth science” (Wysession, 2014, 
p. 299). We have a solid foundation of 
discipline-based educational research  
providing evidence for the practices that 
work in the classroom (McConnell et al., 
2017; NRC, 2012a), new curricular mate-
rials that emphasize systems thinking and 
connections between Earth and human 
activity (InTeGrate, 2017), a thriving 
community of practice (Kastens and 
Manduca, 2017), and an imperative to 
prepare teachers who can engage students 
in the science and engineering practices 
and productive discourse (Windschitl and 
Stroupe, 2017). We can make use of these 
research results and resources to make 
improvements in our introductory courses 
to better reach all students. Looking to 
the future, as students emerge from K–12 
systems built on the NGSS, they will 
enter our classrooms with high expecta-
tions for using the skills they’ve devel-
oped in middle and high school to con-
duct sophisticated analyses, address big 
problems, and make a difference in the 
world. We need to be ready for them.
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