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Learning and Scientific Reasoning
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he development of general scien-
I tific abilities is critical to enable
students of science, technology,
engineering, and mathematics (STEM) to
successfully handle open-ended real-world
tasks in future careers (/—6). Teaching
goals in STEM education include fostering
content knowledge and developing general
scientific abilities. One such ability, scien-
tific reasoning (7-9), is related to cogni-
tive abilities such as critical thinking and
reasoning (/0-14). Scientific-reasoning
skills can be developed through training
and can be transferred (7, /3). Training in
scientific reasoning may also have a long-
term impact on student academic achieve-
ment (7). The STEM education community
considers that transferable general abilities
are at least as important for students to
learn as is the STEM content knowledge
(1/—4). Parents consider science and mathe-
matics to be important in developing rea-
soning skills (75).

We therefore asked whether learning
STEM content knowledge does in fact have
an impact on the development of scientific-
reasoning ability. The scientific-reasoning
ability studied in this paper focuses on
domain-general reasoning skills such as the
abilities to systematically explore a prob-
lem, to formulate and test hypotheses, to
manipulate and isolate variables, and to
observe and evaluate the consequences.

Research Design

Students in China and the United States go
through very different curricula in science
and mathematics during their kindergarten
through 12th grade (K—12) school years.
This provides systemically controlled long-
term variation on STEM content learning,
which we used to study whether or not such
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learning has any impact on the development
of scientific-reasoning ability. Scientific
reasoning is not explicitly taught in schools
in either country.

In China, K—12 education is dominated
by the nationwide college admission exam
given at the end of grade 12. To comply with
the requirements of this exam, all Chinese
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Comparisons of Chinese and U.S. students
show that content knowledge and reasoning
skills diverge.

understanding and problem-solving skills
are very different in the two countries.
Similar curriculum differences between the
United States and China are reflected in
other STEM areas such as chemistry, biol-
ogy, and mathematics (/6).

Chinese students go through rigorous
problem-solving instruction in all STEM
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FCl 85.9 £13.9 49.3+£19.3 1.98

(523) (2681)

BEMA 65.6 +12.8 26.6 £10.0 3.53

(331) (650)

LCTSR 74.7£15.8 74.2£18.0 0.03

(370) (1061)

Content knowledge and reasoning skills diverge. Comparisons of U.S. and Chinese freshmen college
students show differences on tests of physics content knowledge but not on tests of scientific reasoning.

schools adhere to a national standard within
all courses. In physics, for example, every
student goes through the same physics
courses, which start in grade 8 and continue
every semester through grade 12, providing
5 years of continuous training on introduc-
tory physics topics (/6). The courses are
algebra-based with emphasis on develop-
ment of conceptual understanding and skills
needed to solve problems.

In contrast, K—12 physics education in
the United States is more varied. Although
students study physics-related topics within
other general science courses, only one of
three high school students enrolls in a two-
semester physics course (/7). As a result,
the amount of instructional time and the
amount of emphasis on conceptual physics

subject areas throughout most of their
K—12 school years and become skillful at
solving content-based problems. It remains
unclear, however, whether this training is
transferable beyond the specific content
areas and problem types taught.

We used quantitative assessment instru-
ments (described below) to compare U.S.
and Chinese students’ conceptual under-
standing in physics and general scientific-
reasoning ability. Physics content was cho-
sen because the subject is conceptually and
logically sophisticated and is commonly
emphasized in science education (7J5).
Assessment data were collected from both
Chinese and U.S. freshmen college students
before college-level physics instruction. In
this way the data reflect students’ knowledge
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and skill development from their formal and
informal K—12 education experiences.

Data Collection and Analysis

From the early 1980s, researchers and edu-
cators in psychology and cognitive science
(11-14) have developed many quantitative
instruments that assess reasoning ability.
Some are included as components in stan-
dard assessments such as the Graduate
Record Examination, whereas others are
stand-alone tests such as Lawson’s Class-
room Test of Scientific Reasoning (LCTSR)
(8, 9). We used the LCTSR because of its
popularity among STEM educators and
researchers. Common categories of reason-
ing ability assessments include propor-
tional reasoning, deductive and inductive
reasoning, control of variables, probability
reasoning, correlation reasoning, and hypo-
thesis evaluation, all of which are crucial
skills needed for a successful career in STEM.

Research-based standardized tests that
assess student STEM content knowledge are
also widespread. For example, in physics,
education research has produced many
instruments. We used the Force Concept
Inventory (FCI) (18, 19) and the Brief Elec-
tricity and Magnetism Assessment (BEMA)
(20). These tools are regularly administered
by physics education researchers and educa-
tors to evaluate student learning of specific
physics concepts.

Using FCI (mechanics), BEMA (elec-
tricity and magnetism), and LCTSR (sci-
entific reasoning), we collected data (see
figure, page 586) from students (N = 5760)
in four U.S. and three Chinese universities.
All the universities were chosen to be of
medium ranking (/5). The students tested
were freshmen science and engineering
majors enrolled in calculus-based intro-
ductory physics courses. The tests were
administered before any college-level
instruction was provided on the related
content topics. The students in China used
Chinese versions of the tests, which were
first piloted with a small group of under-
graduate and graduate students (n = 22) to
remove language issues.

The FCI results show that the U.S. stu-
dents have a broad distribution in the
medium score range (from 25 to 75%). This
appears to be consistent with the educational
system in the United States, which produces
students with a blend of diverse experiences
in physics learning. In contrast, the Chinese
students had all completed an almost identi-
cal extensive physics curriculum spanning
five complete years from grade 8 through
grade 12. This type of education background

produced a narrow distribution that peaks
near the 90% score.

For the BEMA test, the U.S. students
have a narrow distribution centered a bit
above the chance level (chance 20%). The
Chinese students also scored lower than
their performance on the FCI, with the
score distribution centered around 70%.
The lower BEMA score of students in both
countries is likely due to the fact that some
of the topics on the BEMA test (for exam-
ple, Gauss’s law) are not included in stan-
dard high school curricula.

The FCI and BEMA results suggest that
numerous and rigorous physics courses in
the middle and high school years directly
affect student learning of physics content
knowledge and raise students to a fairly high
performance level on these physics tests.

The results of the LCTSR test show a
completely different pattern. The distribu-
tions of the Chinese and U.S. students are
nearly identical. Analyses (/5) suggest that
the similarities are real and not an artifact
of a possible ceiling effect. The results
suggest that the large differences in K—12
STEM education between the United
States and China do not cause much varia-
tion in students’ scientific-reasoning abili-
ties. The results from this study are consis-
tent with existing research, which suggests
that current education and assessment in
the STEM disciplines often emphasize
factual recall over deep understanding of
science reasoning (2, 2/-23).

What can researchers and educators do
to help students develop scientific-reason-
ing ability? Relations between instructional
methods and the development of scientific
reasoning have been widely studied and
have shown that inquiry-based science
instruction promotes scientific-reasoning
abilities (24-29). The current style of con-
tent-rich STEM education, even when car-
ried out at a rigorous level, has little impact
on the development of students’ scientific-
reasoning abilities. It seems that it is not
what we teach, but rather how we teach,
that makes a difference in student learning
of higher- order abilities in science reason-
ing. Because students ideally need to
develop both content knowledge and trans-
ferable reasoning skills, researchers and
educators must invest more in the develop-
ment of a balanced method of education,
such as incorporating more inquiry-based
learning that targets both goals.

Our results also suggest a different
interpretation of assessment results. As
much as we are concerned about the weak
performance of American students in

EDUCATIONFORUM

TIMSS and PISA (30, 31), it is valuable to
inspect the assessment outcome from mul-
tiple perspectives. With measurements on
not only content knowledge but also other
factors, one can obtain a more holistic
evaluation of students, who are indeed
complex individuals.
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