
THIS IS A UNIQUE TIME in the history of science education. In recent years, 
 those of us who have called for improvement in Science, Technology, 
Engineering, and Mathe matics (STEM) education are receiving major at-
tention, and  there is an increasing awareness that we need to change our 
approach to the way we teach science. Many of  these efforts, including my 
own, are guided by the work emerging from two rapidly growing fi elds: the 
learning sciences and, in par tic u lar, discipline- based education research 
(DBER) in science at the undergraduate level. DBER has produced an ex-
tensive body of research with compelling evidence that many of our current 
ways of teaching undergraduate science, particularly the pervasive lecture, 
are quite in effec tive. Moreover, this new research is laying the foundation 
for a new model of science education by empirically testing which methods 
of instruction produce the best results for students. Collectively,  these 
studies indicate that we could signifi cantly improve the quality of science 
education if universities and colleges  adopted  these research- based 
methods on a large scale. Most importantly,  these are changes that can be 
implemented  today, and can be implemented within our pres ent institu-
tional structures and, crucially, within our current bud gets. I believe, and 
the Science Education Initiative has gone a long ways  toward demonstrating, 
that by adopting  these new approaches to teaching, we can create a higher 
education system that has most of the same orga nizational structures and 
priorities— and the same price tag—as the one that currently exists, but 
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6 // IMPROVING HOW UNIVERSIT IES TE ACH SCIENCE

provides far greater educational value. In this chapter, I lay out how such an 
improved system of higher STEM education would look.

The Educational Goal

By engaging in study within a discipline, the student should develop expertise 
in the subject, including problem- solving approaches and skills, habits of the 
mind, content knowledge, and beliefs about the nature and relevance of 
the subject.  These learning gains should be vis i ble both at the level of an 
individual course and across a curriculum or program of study as a  whole. 
At the course level, it is impor tant that students move  toward such expert- 
like views of STEM— even if they are non- STEM majors taking a single 
course to fulfi ll requirements. The educational goal should be to have  these 
students understand and think about science more in the way a scientist 
does, including appreciating the scientifi c pro cess, relating ideas in STEM 
to real life, and developing curiosity about the natu ral world. At the pro-
gram level, it is impor tant that curricula be purposefully aligned, ensuring 
that courses build on one another to provide ever- deepening mastery of such 
core competencies.

In the modern world,  there is a growing need for technical literacy and 
skills across the workforce and in public policy decisions.1 This makes sci-
ence education impor tant for all students, not just  those pursuing  careers 
in science or engineering. A particularly impor tant segment of this popula-
tion for whom science education is especially impor tant is the fraction who 
 will become the  future K-12 teachers.

 There is a large and growing body of evidence indicating that post- 
secondary science education is failing to meet  these educational needs. 
Although  there is a particularly large amount of research on how students 
learn physics and on the shortcomings of conventional instruction, similar 
results are seen in chemistry and biology.2 Most students are learning that 
“science” is a set of facts and procedures that are unrelated to the workings 
of the world and are simply to be memorized without understanding, and 
they learn to “solve” science prob lems by memorizing  recipes that are of 
 little use other than passing classroom exams. Furthermore, they are leaving 
their courses seeing science as less in ter est ing and relevant than they did 
when they started.3 The typical student is not learning to see science the 
way an expert does, as a set of interconnected, experimentally determined 
concepts that describe the world. They are also not learning useful concept- 
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based problem- solving methods that can be applied in novel contexts, as 
experts do. Below I discuss the reasons for this and how this situation can 
be changed.

The Model for Higher Education: Origins and 
Needed Change

The current model of higher education grew in a haphazard, unplanned 
fashion that has left it with traditional practices and modes of organ ization 
that, in some aspects, are poorly matched to modern educational needs.4 
The lecture format, which still predominates in STEM teaching  today, began 
before the invention of the printing press, as an effi cient way to pass along 
basic words and information in the absence of written texts. Economies of 
scale led to this antiquated model expanding to the current situation of a 
lecturer addressing a group of largely passive students, often several hun-
dred at a time.

Although it is doubtful that this ever was a very effective model for sci-
ence education, societal changes over the past several de cades have shown 
that it is clearly unsuitable for science education needs  today. The most sig-
nifi cant of  these changes are discussed below.

Changing needs.  Modern- day educational needs and goals are far dif fer ent 
from what they  were in past centuries or even a few de cades ago. The 
modern economy demands and rewards complex problem- solving and com-
munication skills, especially in technical fi elds.  These skills are far more 
impor tant than  simple information / knowledge. The employment landscape 
is also changing rapidly; many current popu lar jobs are ones that did not 
exist ten years ago. The new importance of learning complex problem- solving 
skills is frequently at odds with traditional university teaching practices. The 
lecture model, while conducive to transfer of  simple information, lacks the 
individualized challenging exercises and feedback that are critical for ac-
quiring deep understanding and complex problem- solving skills.

Changing student demographics.   Until a few de cades ago, college educa-
tion was necessary and useful only for a very select elite. Now college has 
become a basic educational requirement for most occupations in the modern 
economy, particularly occupations of most importance for general economic 
growth and personal economic success. This means that a far larger and 
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8 // IMPROVING HOW UNIVERSIT IES TE ACH SCIENCE

more diverse fraction of the population is seeking post- secondary education 
than in the past, and thus we need a system that can deliver a high- quality 
education to that large, diverse population. We face an unpre ce dented 
educational challenge: the need to effectively teach complex technical 
knowledge and skills to a large proportion of the total population.

Changing landscape of higher education.  Faculty members’ responsibili-
ties are far dif fer ent from what they  were several de cades ago. This is par-
ticularly true at the large research universities that stand at the top of the 
higher- education pyramid and train nearly all higher- education faculty. The 
modern research university now plays a major role in knowledge acquisi-
tion and application in science and engineering.  Running a research pro-
gram has become a necessary part of nearly  every science and engineering 
faculty member’s activities, and it is the most well- recognized and rewarded 
part. Such a research program requires the successful faculty member to 
spend time writing proposals and obtaining research funding, managing 
gradu ate students and staff, writing scholarly articles, participating in schol-
arly socie ties, and traveling to conferences and lectures. This is much like 
the demands of  running a small (or sometimes not so small) business. Fac-
ulty members are also increasingly encouraged by their institutions and gov-
ernments to take the additional step of converting the knowledge of their 
research labs into commercial products. This brings additional revenue into 
the institutions and provides highly vis i ble justifi cation for government ex-
penditures on basic research at universities. When they take this step into 
commercialization, faculty members are often literally  running a business, 
in addition to having the business- management- like responsibilities of op-
erating a university research program. While good arguments can be made 
for the value of  these vari ous faculty activities, the result is a faculty with 
new sets of demands and responsibilities that largely did not exist in the 
 middle of the last  century.  These demands, and hence the need to use fac-
ulty time most effi ciently, must be considered in any discussion of the  future 
of higher education.

Growing expertise about how  people learn science.  While the changes 
discussed above affect the educational role and environment of the university, 
 there have also been large but less con spic u ous changes in our knowledge of 
how to assess and achieve effective science education. The understanding 
of how  people think and learn, particularly how they learn science, has dra-
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matically improved over the past few de cades.5 While throughout history 
 there has never been a shortage of strongly held opinions about what 
“better” educational approaches entail, now  there is a solid and growing 
body of good research supported by extensive data, particularly at the col-
lege level in science and engineering, as to which pedagogical approaches 
work and which do not work.  These research- based methods have shown 
consistent benefi ts over the traditional lecture in many hundreds of studies 
across the STEM disciplines.6  There are also empirically established princi-
ples about learning emerging from research in educational psy chol ogy, 
cognitive science, and education that provide good theoretical guidance for 
designing and evaluating educational methods and outcomes. An impor tant 
part of this research is the better delineation of what constitutes expert 
competence in a technical subject and how this can be more effectively 
mea sured.

To briefl y summarize a large fi eld: Research has established that  people 
do not develop true understanding of a complex subject such as science by 
listening passively to explanations. True understanding comes only when stu-
dents actively construct their own understanding via a pro cess of mentally 
building on their prior thinking and knowledge through “effortful study.”7 
This construction of learning is dependent on the epistemologies and be-
liefs they bring to the subject, and  these are readily affected (positively or 
negatively) by instructional practices.8 Furthermore, we know that expert 
competence is made up of several features. In addition to factual knowl-
edge, experts have distinctive  mental orga nizational structures and problem- 
solving skills that facilitate the effective retrieval and useful application of 
that factual knowledge. Experts also have impor tant metacognitive abili-
ties: they can evaluate and correct their own understanding and thinking 
pro cesses. Developing  these expert competencies, which go beyond the fac-
tual, is part of students’ path to expertness.

 There are impor tant implications of this research for both teaching and 
assessment. First, the most effective teaching has the student fully mentally 
engaged with suitably challenging, au then tic intellectual tasks that embody 
all the relevant aspects of thinking to be learned; provides multiple ways of 
probing their thinking; and offers targeted and timely feedback that guides 
improvement in their thinking.

Second, meaningful assessment of science learning requires carefully 
constructed tests that mea sure the degree to which students have learned 
to make relevant decisions and solve prob lems like experts in a given 
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10 // IMPROVING HOW UNIVERSIT IES TE ACH SCIENCE

discipline. Test design must be based on an understanding of  these expert 
characteristics and how  people learn, in addition to a thorough under-
standing of student thinking about the subject in question. Such assessments 
go well beyond the  simple testing of memorized facts and problem- solving 
 recipes that is the (unintended and unrecognized) function of the typical 
college examination.

Changes in the state of education- related technology.  The enormous in-
creases in the capabilities of and access to information technology provide 
obvious opportunities for dramatically changing how teaching is done in col-
leges and universities and, in the pro cess, making higher education far 
more effective and more effi cient. Unfortunately,  these vast opportunities 
remain largely untapped. While  there are a few spectacular examples, gen-
erally the educational information technology currently available is quite 
limited in both quantity and quality, in part  because its design and use are 
not adequately guided by good pedagogy.

We are now at a watershed in higher education. We are faced with the 
need for  great change, and we have as yet unrealized opportunities for 
achieving  great change. Below I describe the changes and benefi ts that could 
be achieved if  these opportunities  were fully realized.

An Optimized University

While one might envision an ideal university that has been totally redesigned 
and has  great resources, it is unrealistic to think that such an institution 
can be created. So instead I  will offer a more realizable vision of a much 
improved university, an optimized university. This optimized university  will 
provide the best undergraduate education pos si ble within two basic con-
straints. The fi rst constraint is that resources in support of higher education 
 will not dramatically increase. The second constraint is that the long- standing 
structures of disciplines and departments  will remain largely intact, as  will 
current broader faculty responsibilities.

The fi rst constraint is simply pragmatic.  There is no indication that higher 
levels of resources are forthcoming for public education. The second has 
both practical and logical justifi cations. Where attempts have been made 
to create universities with dramatically dif fer ent orga nizational structures, 
such as new University of California campuses without discipline- based 
departments, over time they have effectively reverted to largely traditional 
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structures. I believe  there is a basic orga nizational reason for this.  There 
must necessarily be some orga nizational unit (that is, a department or some 
other entity) that oversees the curriculum. This unit must be able to direct 
the (gradu ate or undergraduate)  career of a student based on its faculty’s 
collective expertise as to what experiences are necessary to support student 
learning of the content and skills of the fi eld. Thus, while I assume that the 
labels and orientation of departments  will change (as fi elds continue to 
evolve  because of new directions in science and technology), departments—
or some similarly sized orga nizational entities responsible for education— 
will and must continue to exist. The need for entities like departments is 
determined by the limitations of the  human brain, as  there is a limit to the 
range of expertise that a diligent person can master. In a typical discipline 
or department  there is a common set of knowledge and expertise that de-
fi nes it.  These ele ments are continually evolving as new knowledge and cor-
responding new types of expertise are found to be impor tant for solving 
certain types of prob lems. New fi elds are developed and, necessarily, other 
aspects of expertise are dropped from the accepted canon, as they come to 
be seen as less impor tant to the needs of the emerging fi eld. For example, 
engineering used to be part of the physical sciences, but as engineering tech-
niques and methods became more sophisticated, it was more productive 
for  people focused on engineering- type prob lems to have a deeper grasp of 
 those methods, at the sacrifi ce of areas of physics expertise. A group of 
 people with this new set of skills thereby defi ned a new fi eld of scholarship 
and subsequently defi ned what it meant to be properly educated to func-
tion well in this fi eld. Of course, engineering itself has since subdivided into 
more specifi c fi elds, as the same basic pro cess has repeated itself. In recent 
years the range of skills, tools, and knowledge in biology has enormously 
expanded, with biology departments  going through a necessary pro cess of 
subdividing as more specialization is needed—it is now impossible for an 
individual to be an expert in all areas of biology, and, correspondingly, no 
one individual is able to defi ne what students should learn in order to master 
all areas. Thus some orga nizational structure like the department, which 
represents a defi ned area of expertise that one person can reasonably grasp, 
 will necessarily continue to be the basic educational unit within the uni-
versity, although the labels attached to  these entities  will continue to evolve 
with time.

 Table 1.1 outlines characteristics of this optimized university, contrasted 
with the typical current university.9
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Issues and Challenges in Optimizing the University

 There are some substantial impediments to moving from the current situ-
ation to the optimized university.  These include structural and administra-
tive limitations, the balance of research and teaching, and failures in the 
market and in incentive systems.

Structural and Administrative Limitations

University governing systems are poorly suited to making changes on a time 
scale that is rapid relative to the faculty life span, which can be several de-
cades. The tendency in the United States  toward rather short- lived upper ad-
ministration (the tenure of public university presidents in the United States 
now averages less than fi ve years), combined with the pattern of sharing gov-
ernance with faculty members who have  careers lasting de cades, effectively 
puts the administration in a very weak leadership position. In the United 
States, university governing boards and the position of public university presi-
dents have become highly po liti cal and subject to the vagaries of current 
events, college athletic teams’ success, and po liti cal intrigue, thereby greatly 
weakening and distracting administrative academic leadership. Unfortu-
nately, at the same time that administrative leadership is being weakened, 
modern research universities have grown too much in size and complexity for 
regular faculty to have all the information and experience needed to make 
major institutional policy decisions. Faculty members simply do not have the 
time to become suffi ciently aware of all the issues and pressures, but they re-
main a power ful entrenched body that can hinder change. This combination 
of  factors reduces the orga nizational capacity to carry out useful long- term 
strategic planning, investment, and implementation of desired changes, such 
as the optimization of undergraduate education described above.

Another closely related complication is that that  actual “owner ship” of 
educational activities rests almost solely within departments. Realistically, 
this is necessary. It is impossible, for example, for someone with a back-
ground in history, or even in a science such as physics, to be able to say 
what students should be learning in their biology classes. However, this also 
means that educational change must happen at the departmental level—it 
is very diffi cult to mandate it from a higher level and achieve the desired 
effect. Thus educational reform efforts almost certainly have to be based 
on a model for change at the departmental level.
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Balance of Research and Teaching

The appropriate balance of teaching and research in the optimized univer-
sity remains a  matter of debate, with no clear best weighting. Both teaching 
and research are essential components of the modern research university 
and are vital contributions to society, and to be a highly effective teacher in a 
discipline, one must be an expert in that fi eld (as well as having expertise in 
teaching). It would be unwise to abandon  either. However, optimizing the 
use of faculty time offers enormous potential for improvement in educa-
tional effectiveness and effi ciency. The best approach is to achieve  those 
improvements and examine the results before considering any changes to 
the current balance of research and teaching. Also, it is hard to imagine that 
faculty members could teach expert competence in an area of modern sci-
ence and technology  unless they have been active in the fi eld themselves 
for much of their  careers. The complexity and rapidity of pro gress in  these 
fi elds  today are such that faculty simply cannot remain suffi ciently expert in 
the subjects in which they are educating students if they must rely on teaching 
the subject based only on what they themselves learned in school. Thus 
maintaining an active research program in a department clearly serves to 
enhance the desired faculty expertise in teaching.

Failures in the Market and in Incentive Systems

Teaching in the modern university displays a well- known phenomenon in 
economics: that  free markets do not function properly in the absence of in-
formation. In the context of higher education, it is next to impossible for 
prospective students to get any meaningful information on the quality of 
teaching at the institutions they are considering. So they are forced to make 
decisions based on very distant proxies, such as the research productivity 
of the faculty at a given institution, the cost of tuition, or the quality of the 
dormitories. Once at the institution, they might be able to make decisions 
about courses based on student course evaluations, but it has been well es-
tablished that such evaluations have a host of prob lems, the most impor tant 
being that  there is no correlation between student evaluations and objec-
tive mea sures of learning,10 and we have seen no correlation between eval-
uations and the use of effective instructional practices.11

As a result of  these information failures, the educational value provided 
by an institution of higher education, how sought- after it is by prospective 
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students, the amount of public support it receives, and support provided to 
the faculty who generate that educational value are all completely discon-
nected. The lack of information results in a lack of incentives to improve 
educational quality.

The biggest barrier to improving the teaching at research universities 
is that they are so in effec tive at mea sur ing and rewarding effective 
teaching.  There are no incentives for educational change built into the 
system, and  there are several disincentives. Only  after the lack of effective 
mea sures of teaching quality is addressed  will it be pos si ble for prospec-
tive students, state governments, the public, and institutions themselves 
to recognize and reward teaching quality. This  will provide the necessary 
incentives for institutions, and faculty within  those institutions, to adopt 
the best teaching practices and work to improve educational outcomes. We 
have developed better methods of evaluating teaching as part of the SEI 
efforts.12 When mea sures such as  these are in widespread use and the re-
sulting information is available, it  will then be pos si ble to have a meaningful 
incentive system that  will drive ongoing improvement in educational quality. 
This  will also allow rational decisions about the appropriate weighting of 
research and teaching in the optimized university, as well as sensible varia-
tions in this weighting across dif fer ent types of institutions.
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