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What are the Components of the 
Nature of Science?
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What is Science?
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What Kids Know about Biology
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The Characteristics of Science
A Legal View

Science . . .
• is guided by natural law
• has to explain by references to natural law
• is testable against the empirical world (with 

evidence)
• has conclusions that are tentative
• is potentially falsifiable

Judge William Overton (1982).  Opinions in the case of McLean vs. 
Arkansas Board of Education. U.S. District Court, East District of Arkansas 
LR C 81 322.

What Americans Believe
1976

Spiritualism 12%

Faith Healing 10%

Astrology 17%

UFOs 24%

Fortune Telling 4%

Yankelovich Monitor Survey (USA Today  April 20, 1998)

What Americans Believe
1976 1998

Spiritualism 12% 52%

Faith Healing 10% 45%

Astrology 17% 37%

UFOs 24% 30%

Fortune Telling 4% 14%

Yankelovich Monitor Survey (USA Today  April 20, 1998)

What Americans Believe
1976 1998 Change

Spiritualism 12% 52% +40

Faith Healing 10% 45% +35

Astrology 17% 37% +20

UFOs 24% 30% +6

Fortune Telling 4% 14% +10

Yankelovich Monitor Survey (USA Today  April 20, 1998)

Nature of Science: 
The State of Affairs

• These data show that members of the 
public are increasingly more likely to 
accept pseudoscientific notions (perhaps 
because of increased television 
programming in this area)

• Acceptance of pseudoscientific ideas may 
indicate a lack of critical thinking skills 
(Maienschein, 1999).

Maienschein, et al, 1999. “Commentary to the Future. Argument for Scientific 
Literacy.” Science Communication (Septmeber):101:13.
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Nature of Science: 
What Does the Public Know?

• One of the few sources for information about 
public knowledge of the NOS comes from the 
U.S. Science and Engineering Indicators Study 
(2001) of adults

• http://www.nsf.gov/sbe/srs/seind02/start.htm
• Science literacy is low in the U.S. (22% of adults 

can define molecule, 42% can define DNA, but 
80% can define continental drift!)

• 64% of U.S. adults know nothing about how 
science works; only 2% have a complete view

American Views on Evolution
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Issues in the Philosophy of Biology

Issues in the Philosophy of Biology
• Is biology an autonomous (independent) 

science?
• Does biology have the same philosophical 

status as do the physical sciences or is it more 
like sociology or psychology?

• What is unique about the philosophy of science 
as applied to biology?

• What are the big issues in the philosophy of 
biology?

• Why should teachers care about the philosophy 
of science?

Big Ideas in the Philosophy of Biology
What is the Role of . . .

• Essentialism (Platonism or Typology)
– This is the notion that one can examine any single 

example and know about the members of the group
– Not true in biology, the population rather than the 

individual must be the unit of study

• Determinism (A clockwork life science?)
– This relates to the idea that if one understands all 

aspects of any particular science it is possible to 
predict future events consistently

– Not true in biology.  The vagaries and complexities of 
individuals along with a chaotic element makes such 
prediction impossible
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• Reductionism
– Studying the parts of a system provides understanding of 

the whole but is this the best or only research method?
– “. . . Mendel’s discovery of the laws heredity, . . . could 

not at that time (or ever?) have been deduced from 
molecular biology, but which have since been explained 
in those terms.” (p. vi)

– We have learned much by looking at the parts but “there 
are laws that can only be discovered by research on 
whole organisms or populations of organisms.” p. vii 

Smith, J. M. (1986).  The problems of biology.  New York: Oxford University Press.

Big Ideas the Philosophy of Biology
What is the Role of . . .

One of the most influential early book 
on the philosophy of science is “What is 
Life?” (1944) by the physicist Erwin 
Schrodinger

Schrodinger was captivated by biology 
and wrote

Living matter works “in a manner that 
cannot be reduced to the ordinary laws 
of physics.” (p. 81)  “The unfolding of 
events in the life cycle of an organism 
exhibits an admirable regularity and 
orderliness unrivaled by anything we 
meet with inanimate matter.” (p.82) 

Big Issues in the Philosophy of Biology
Is Biology Autonomous?

• Yes, because biology has unique elements such as:
– The complexity of living systems
– Evolution
– Population (rather than individual) perspectives
– A genetic component 
– The balance between observation and 

experiment 
– Historical vs. experimental elements

Mayr, E. (2004). What make biology unique?  Cambridge: Harvard University Press
Mayr, E. (1996).  The autonomy of biology. Quarterly Review of Biology, 71: 97-106
Ayala, F. (1968).  Biology as an autonomous science.  American Scientist, 56: 207-221

Why Should You Care about the Nature 
of Science?

• The goal of research into the nature of science is 
to provide a complete, accurate, and current 
picture of how science does what it does.

• Our job as science teachers is to share the most 
complete, accurate and current picture of how 
science functions with our students.

• We must avoid conveying an idealized version of 
the nature of science no matter how compelling 
that version may be.  But such an approach 
requires knowledge.

Big Ideas in the Philosophy of Science: 
What Every Biology Educator Needs to Know

1 Science and its methods depend 
on evidence

2 Knowledge Production in Science 
Shares Common Aspects, but No 
Single Universal Scientific 
Method Exists

3 Hypotheses do not become 
Theories that finally become 
Laws

4 Hypothesis is Not Simply an 
Educated Guess

5 Science does Not Provide Proof or 
SureKnowledge

6 Scientific Ideas are Not Absolute, 
but are Durable

7 Science is both Creative and 
Procedural

8 There are Subjective Elements 
in Science

9 There are Social and Cultural 
Elements in Science

10 Experiments are Not the Only 
Route to Scientific Knowledge

11 Conclusions in Science are 
Not Generally Reviewed for 
Accuracy

12 Models do Not Represent 
Reality

13 Science and Technology are 
Not the Same

14 Science is Not a Solitary 
Pursuit

15 Science and its Methods Can 
Not Answer All Questions
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Big Ideas in the Philosophy of Science: 
What Every Biology Educator Needs to Know

1 Science and its methods depend 
on evidence

2 Knowledge Production in Science 
Shares Common Aspects, but No 
Single Universal Scientific 
Method Exists

3 Hypotheses do not become 
Theories that finally become 
Laws

4 Hypothesis is Not Simply an 
Educated Guess

5 Science does Not Provide Proof or 
SureKnowledge

6 Scientific Ideas are Not Absolute, 
but are Durable

7 Science is both Creative and 
Procedural

8 There are Subjective Elements 
in Science

9 There are Social and Cultural 
Elements in Science

10 Experiments are Not the Only 
Route to Scientific Knowledge

11 Conclusions in Science are 
Not Generally Reviewed for 
Accuracy

12 Models do Not Represent 
Reality

13 Science and Technology are 
Not the Same

14 Science is Not a Solitary 
Pursuit

15 Science and its Methods Can 
Not Answer All Questions

What Every Biology Educator Needs 
to Know about the Nature of Science 

Science Requires 
Empirical Evidence to 
Support Conclusions

What Every Biology Educator Needs 
to Know About the Nature of Science

• Every discovery and conclusion in science 
is based on data (evidence) that may be 
viewed and evaluated by others

• The more unexpected or unbelievable the 
finding, the more evidence there must be

• Extraordinary claims require extraordinary 
evidence(C. Sagan)

What Every Biology Educator Needs 
to Know About the Nature of Science

What Every Biology Educator Needs 
to Know About the Nature of Science

Knowledge Production 
in Science Shares Many 
Common Aspects, but 
there is No Universal 

Scientific Method

Myth:  There is a Standard and 
Universal Scientific Method 
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Science Shares Many Aspects, but there 
is no Universal Scientific Method

• Scientists have much in common in the way they 
work including care and accuracy in making 
observations, experimenting, recording data, 
along with honesty in reporting results 

• Also, scientists shareinductionand deductionas 
the primary logical knowledge-production 
mechanisms 

• However, there is no single step-wise scientific 
method that all scientists follow in doing their 
work

Generalization
(Law)  

Evidence
(Facts)

Creative Spark 
or Insight

Induction

Deduction

����������	��
�����������������	��
�������

Hypothetico-
deductivism is 
frequently used 
to test the value 
of scientific ideas 

What Every Biology Educator Needs 
to Know About the Nature of Science

Laws and Theories are 
Distinct Kinds of 

Scientific Knowledge

One Does NOT become 
the Other

Myth:  Hypotheses become Theories 
that in turn become Laws

�
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Laws and Theories are Distinct 
Kinds of Scientific Knowledge

Law - A generalization, principle or 
relationship (ex. Principle of 
Evolution)

Theory -An explanation (ex. Natural 
Selection as the evolutionary 
mechanism)

Even dictionaries fail to make this distinction. One 
term is frequently listed as a synonym for the other! 

Scientific Laws
• Are validated by hypothetico-deductive testing
• Are supported by and based on facts derived from 

experiments and observations
• Relate cause and effect relationships broadly
• Explain why particular instances occur
• Predict future instance or occurrences of the 

relationship
• Are generally considered to have been discovered 

rather than invented
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Scientific Theories
• Are validated by hypothetico-deductive testing
• Are supported by and based on facts derived from 

experiments and observations
• Are broad, comprehensive and unifying statements 

(sometimes using insights from many disciplines)
• Explain laws (generalizations)
• Predict future observations 
• Are generally considered to have been invented 

rather than discovered

Laws in Biology
• In a review of 15 recent (1996-2003) biology 

texts (grades 9-16), the following was found:
• 1 out of 15 provided any aspect of the 

definition of the term “law”
• Examples of laws included “probability,”

“conservation of mass,” “superposition,” “use 
and disuse,” “heredity,” “dominance,”
independent assortment,” “segregation,” and 
“continuity.”

McComas (2003) A Textbook Case of the Nature of Science: Laws and Theories in the 
Science of Biology.  Int’l J. of Science and Mathematics Education 1(2), 141-155.

Theories in Biology
• In a review of 15 recent (1996-2003) biology 

texts (grades 9-16), the following was found:
• Most texts included some aspects of the 

definition of the term “theory” (most mention 
“testing,” “empiricism,” “broad statement,”
“explanation,”

• Only two examples of theories were found; 
“germ theory,” and “cell theory.”

McComas (2003) A Textbook Case of the Nature of Science: Laws and Theories in the 
Science of Biology.  Int’l J. of Science and Mathematics Education 1(2), 141-155.

Laws and Theories in Biology Texts

Law

Theory

Exemplified in 
Biology Texts?

Defined in 
Biology Texts?

Laws and Theories in Biology Texts

Law

NOYESTheory

Exemplified in 
Biology Texts?

Defined in 
Biology Texts?

Laws and Theories in Biology Texts

YESNOLaw

NOYESTheory

Exemplified in 
Biology Texts?

Defined in 
Biology Texts?

McComas, W. F. (2003).  A Textbook Case: Laws and Theories and BMcComas, W. F. (2003).  A Textbook Case: Laws and Theories and Biology Instruction.  iology Instruction.  
International Journal of Science and Mathematics Education, 1International Journal of Science and Mathematics Education, 1(2), 1(2), 1--15.15.
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Tricky Business: Cell Theory

• Virtually every biology text 
contains some aspects of an 
idea frequently called the 
cell theory

• All living organisms are 
composed of cells

• Cells are the structural and 
functional units of all organisms

• Cells arise from pre-existing 
cells

Tricky Business: Cell Theory
• Lewis (1972) and Baker, 

(1948-55) add the following:
• The major activities of cells are 

metabolism, absorption, secretion, 
movement, growth and division

• Growth of multicellular  organisms 
is due to the increase in the number 
and size of cells

• Substances absorbed from the cell’s 
environment are essential to 
growth, cell division and other such 
activities

Lewis (1972) Structure of Cell Theory  ABT 34, p. 209-11.  Baker, J. (1948-55) The Cell 
Theory. Quarterly Journal of Microscopical Science 89: 103-125, 90: 87-108, 93: 157-190, 94: 
407-440 and 96: 449:481.

Tricky Business: Cell Theory
So, what’s the problem?
• The cell theoryis composed of free-standing 

elements (many theories have such elements)
• However, what does the cell theoryexplain?
• It explains instances not generalizations
• This makes the cell theorymuch more law-like 

than theory-like
• In fact, in almost all post-secondary biology texts, 

the cell notion is called the cell principle NOT the 
cell theory.  Why is this?

Laws and Theories in Biology

• One of the most troublesome issues 
regarding biological laws relates to 
whether they are valid generalizations
and whether they are actually universal

• Generalization = valid to the point of 
being useful in making predictions

• Universal = operational and applicable 
across all space and time

Biological Ideas: Generalizability

• Consider Bergman’s Bodyand Allen’s 
Appendage Rules(common general-
izations in biology)

• Bergman = mammals found near the poles 
have a lower surface to volume 
relationship than do organisms found near 
the equator

• Allen = mammals found near the poles 
have shorter appendages than those near 
the equator

Bergman’s Body Rule holds 
true for about 70% of 
mammals studied so far
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• Do we insist on 100% applicability before we 
consider a notion like Bergman’s body rule a 
“law.”

• What about Mendel’s laws?
• In reality, the amount of variation in living 

systems precludes the kind of complete 
applicability found in the physical sciences

• Many laws in biology and most “facts” are best 
seen as probabilistic rather than deterministic
laws 

• So, what about the issue of universality?

Biological Ideas: Generalizability Biological Ideas: Universality

• Some philosophers of science reject 
the notion of “laws” of biology 
because they are likely not valid 
elsewhere in the universe

• Would the “law of independent 
assortment” function in a living 
system in some other galaxy?

• Sagan explored some of these notions 
in “The Cosmic Connection” (1973)

• Science fiction could also be used as 
an interesting teaching tool here

Biological Ideas: Generalizability
and Universality

• Perhaps the best way to evaluate ideas in biology 
is to consider their ultimate character

• What does the idea feel like? (does it have law-
like or theory-like character?)

• If it looks and acts like a law (or theory) then that 
is what it likely is – no matter what it is called

• Laws and theories in biology have different 
nature then in the physical sciences

• But some still consider biology a “weak” science 
nonetheless

What Every Biology Educator Needs 
to Know About the Nature of Science

A Hypothesis is NOT 
Just an Educated Guess
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Hypothesis is Not just an 
“Educated Guess”

• Prediction,
• Immature theory (an explanatory 

hypothesis), or

• Immature law (a generalizing 
hypothesis)

So we see that the hypothesis may be defined as a  . . .
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What Every Biology Educator Needs 
to Know About the Nature of Science

Science Does Not Provide 
Proof or Sure Knowledge

You Really Can’t Prove
Anything True in Science

Myth:  The Methods of Science 
Provide “Proof” of an Idea

• Even though we produce knowledge from 
evidence, the Problem of Induction makes 
it impossible to “prove” anything true.

The Problem of Induction
• It is impossible to make all relevant observations

pertaining to a phenomenon

• It is impossible to collect relevant information 
about the phenomenon from throughout the past 
and future

• Since people are involved, there is no way to make 
unbiased observations of the phenomenon in 
question

• It is impossible to guarantee that the necessary 
creative intuitive leap from facts to principles will 
occur

Myth:  The Methods of Science 
Provide “Proof” of an Idea

• Proof is a logical / mathematical term 
that cannot be applied in science

• It is logically possible to prove 
something false in science but not true

• It is accurate to talk of substantiation 
or support for an idea but not proof

What Every Biology Teacher Needs 
to Know About the Nature of Science

Scientific Knowledge is 
Tentative, but the Rigor and 
Methods of Science Make 
Such Knowledge Durable 

Science is Self-correcting

Myth:  Scientific Ideas are Absolute 

• Many believe that because something is 
“scientific” is must be absolutely true

• However, one of the hallmarks of science 
is that as new data appear, old conclusions 
are reevaluated and may be changed

• Therefore, all scientific notions should be 
considered to be tentative in part because 
of limits inherent in science itself and 
because of the self-correcting nature of 
science
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What Every Biology Teacher Needs 
to Know About the Nature of Science

The tentativeness and 
self-correcting nature 
of science plays out 
through revolutions 
(rare) and through 

iterative improvements 
(common)

Consider the following new developments . . .

Consider the following . . .

Normark, B.B. (2004, 
September). The Sex 
Lives of Scales.  Natural 
History (p. 38-42)

Consider the following . . .

What Every Biology Educator Needs 
to Know About the Nature of Science

Science has a 
Subjective Component

Therefore, Scientists are 
Not as Rigidly 

Objective as One Might 
Think

Science has a Subjective Component

• We all observe the world through the lenses 
of their own biases and prior conceptions

• This is called a theory-laden observation; 
scientists make such observations too

• Much of the time this is an advantage 
because it helps observers (scientists) sift 
through useless data (observations)

• Sometimes prior conceptions may block the 
ability to “see” something interesting
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Watson and Crick and 
the Double Helix

Linus Pauling and the 
Triple Helix

What Every Biology Educator Needs 
to Know About the Nature of Science

Science has Social and 
Cultural Components

Science has Social and 
Cultural Components

• The work that is done in science in a particular 
nation is likely related to the interests and priorities 
of those in that nation

• Funding and national (cultural) priorities play a 
large role in the direction taken in scientific 
research (consider the stem cell debate)

• Science is a highly social endeavor (science is done 
in groups and knowledge-meanings are negotiated 
in groups)

Science has Social and 
Cultural Components

• We may honor a single individual with a 
Nobel prize but modern science is typically 
done by research teams

• Research in the modern world is generally 
so complex and expensive that individuals 
rarely work alone

• Even deciding on the final “truth” is a 
negotiation of sorts within a community of 
scientists 

Science has Social and 
Cultural Components

The negotiation and validation of  knowledge 
itself make science one of the most social of 
activities 

In the end, truth “is whatever scientists say it 
is when they come to the end of their labors.”

Charles S. Peirce

Horgan, J.  (1996).  The End of Science.  New York: Broadway Books (p. 33)

What Every Biology Teacher Needs to 
Know About the Nature of Science

Science and its 
Methods Can Not

Answer All 
Questions
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Myth:  Science and its Methods 
Can Answer All Questions

• Science depends on empirical data 
provided by shared observations

• Therefore, anything that cannot be 
subjected to such observations is beyond 
science

• Moral, ethical, religious, and aesthetic 
questions are beyond science -- that why 
they are called “metaphysical” realms

• Some in the religious community think that their 
knowledge base is more secure, useful and 
comprehensive than that of science

• Some in the science community think that their 
knowledge base is more secure, useful and 
comprehensive than that of religion

• In the final analysis, many believe we need both
science and religion

• Religion and science are not in conflict if each is 
used properly -- they answer different kinds of 
questions.

Can Science Answer all Questions?

Can Science Answer all Questions?

• Science and its methods can provide data 
related to moral and ethical decision 
making, but science ultimately is unable to 
render final verdicts in such cases 

• Think about the role of science in making a 
range of bioethical decisions (fetal tissue 
transplants, abortion, cloning, growth 
hormone therapy, designer genes, stem cell 
research, etc.)

Final Thoughts: The Philosophy of 
the Biology

• A wide range of interesting questions remain 
in the domain of the philosophy of biology

– How did life begin?
– What does it mean to be alive?
– What is a species? (Is there any hope of a 

definition of higher taxa?) 
– What is an individual organism? 

(Consider the case of symbiotic evolution 
and hyper-organisms)
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Final Thoughts: The Philosophy 
of the Biology

What does it mean to be alive?

What about 
mycoplasmas?

What about prions?

What 
about 
viruses?

Final Thoughts: The Philosophy 
of the Biology

What does it mean to be an individual?

Conclusions and Recommendations
• The philosophy of science is one of the most 

important content elements in any science course 
• The philosophy of science provides a view to the 

epistemology of the discipline and is interesting 
and engaging for students because it shows 
science to be a vital and dynamic pursuit of 
knowledge

• The nature of science is as vital as any traditional 
science facts and principles, yet it rarely appears 
in the curriculum

• Help change that situation!
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