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L STATEMENT OF INTEREST OF THE NATIONAL
CENTER FOR SCIENCE EDUCATION

The National Center for Scicnce Education (“NCSE”) is a not-for-profit
membership organization that provides information and resources for schools, parents, and
citizens working to maintain a well-grounded, scientifically based public school science
curriculum. Founded in the early 1980s by a group of scientists and teachers, the NCSE is
internationally-known as a clearinghouse for information on the controversies over the teaching
of evolution and creationism. It is consulted by scientists, teachers, school boards, legislators,
parents, and other citizens because of its deep knowledge of and experience with conflicts
concerning the teaching of evolution in the public schools. The archives of the NCSE go back
over 30 years, and have been consulted by scholars from North America, Japan, Australia, and
Europe. The NCSE advises many organizations regarding religious objections to the teaching of
evolution, especially as these conflicts play out on the state and local level. These organizations
include scientific organizations such as the National Academy of Sciences and the American
Association for the Advancement of Science, and science educator associations sucﬁ as the
National Association of Biology Teachers and the National Science Teachers Association.

Members and staff of the NCSE include individuals holding a wide range of
religious beliefs and none at all. The organization is not affiliated with any religious or anti-
religious organization.

The NCSE is gravely concerned by the level of science literacy in the United
States and recognizes that public school science education is a major way through which the
public gains basic knowledge of science. When the nature and content of science are
erroneously presented in the public schools, the position of science in society is negatively

affected, which directly affects the interests of scientists and, ultimately, the public at large. The



technological innovations that drive our economy and provide for our national security are
dependent on sound scientific research.! So too arc the breakthroughs that will provide for the
improved health of our population, for a dependable food supply, and for increasingly needed
alternative energy sources. Atno point in our nation’s history has American leadership in
science, techmology, and medicine been more important.

Sound scientific instruction means teaching evolution, and teaching it as the
subject is understood by the scientific community. As the National Academy of Sciences has
explained, “evolution has and will continue to serve as a critical foundation of the biomedical
and life sciences” and “helping students learn about and understand the scientific evidence,
mechanisms, and implications of evolution [is] fundamental to a high-quality science education.”
National Academy of Sciences Institute of Medicine, Science, Evolution, and Creationism, at 47
(2008) (hereinafter “Nat’l Acad. of Scicnces”).2 Indeed, students “need to understand evolution,
its role within the broader scientific enterprise, and its vital implications for some of the most
pressing social, cultural, and political issues of our time.” Id.
1L STATEMENT OF FACTS

John Freshwater taught eighth grade science at the Mount Vernon middle school.

By his own and others’ account, Freshwater is a deeply religious man who believes strongly in

| Qcience has played an important role in our national development since the earliest days of
the United States. In 1798, Thomas Jefferson endeavored to add science to the curriculum of
our nation’s schools because “[hle viewed ‘sciences as keys to the treasures of nature . . .
hands must be trained to use them wisely.”” Paul DeHart Hurd, Scientific Literacy: New
Minds for a Changing World, Science Education at 407 (June 1998) (citation omitted).
Science continues to ascend in prominence more than 200 years later. Indeed, “[t]here is
growing recognition in the industrialized world that scientific literacy is an important
component of long-term economic growth and of effective citizenship.” Jon D. Miller,

Scientific Literacy, at 1 (Jan. 17, 1989).

2 Puye to its substantial relevance, this publication has been included in its entirety as a
Supplement to this brief.



the teachings of the Bible. (Hearing Transcript in the Matter of Termination of Employment of
john Freshwater ( “Hearing Tr.”) at 1669:8-1 670:1; 1707:18-1708:22; 4400:3-4402 :5.)
Consistent with his faith, Freshwater cannot accept any scientific theory that he regards as
contradicting the Bible’s account of creation, a view he has expressed both at his home and at his
church. (Hearing Tr. at 462:18-463:4.) Freshwater’s religious beliefs were also apparent at his
school. He was the school monitor for the Fellowship of Christian Athletes, a role he embraced
with sometimes controversial enthusiasm. (Hearing Tr. at 63:5-69:22.) He decorated his
classroom to reflect his religion by keeping posters of the Ten Commandments on the front door,
mumerous decorations containing Bible verses on the wall, and Bibles themselves visible on his
desk and in a box at the back of the room. (Hearing Tr. at 70:6-71:1.)

Freshwater also allowed his religious beliéfs to cascade into his science
curriculum. He iﬁstructed his students that there was a “widely known, genuine intellectual
debate” surrounding the theory of evolution and taught them “competing theories” that
“haﬁpen[ed] to be consistent with the teachings of multiple major world religions,” most notably
Christianity. (Appellant’s Brief at 7-8 (hereinafter “App. Br.”).} These “competing theories”
included intelligent design, a belief that the complexity of nature necessitates a supernatural
creator, and the “hydrosphere theory,” a pseudo-scientific explanation of the Noachian flood.
(See, e.g., Hearing Tr. at 147:22-348:10; 456:25-457:3; Board Ex. 6 at Attachment 8.)3

In addition to promoting these extracurricular “competing theories,” Freshwater
also used his classroom to undermine the scientific theory of evolution and science more

generally. For examiple, he instructed his students that the scientific methods used to determine

3 These handouts also appear as Board Exs. 40 and 41 and are often referenced as such during
Hearing testimony. Copies of Board Exs. 40 and 41 were appended as Ex. 17 to the NCSE’s
brief in the Court of Appeals.



the Earth’s age arc unreliable. (See Board Ex. 6 at Attachment 9 (radiometric dating is
erroneous).) He used handouts that attacked the use of embryo drawings in textbooks, the
validity of Darwin’s tree of life, and the status of homology. (See generally Board Ex. 24.) And
he employed a rhetorical technique by which his students called out the word “here” whenever
they encountered facts in their science textbook that predated a human observer and therefore, in
Freshwatet’s view, were deserving of skepticism. (Hearing Tr. 4505:9-4507:14.)

During the 2002-2003 school year, Freshwater formally proposed that the Mount
Vernon School Board adjust its science curriculum to “[c]ritically analyze evolution” in the
cighth grade instead of the tenth. {Hearing Tr. at 473:16-25.)* Freshwater’s proposed policy
states on its very face that it was copied directly from an intelligent design website. (See
Employee Bx. 5 (“This statement and the policy [was] copied from
www. intelligentdesignnetwork.org . . . ).) The science department rejected his proposal, as did
the Board of Education. (Hearing Tr. at 473:16-474:14; 909:20-910:20.) Nonetheless,
Freshwater continued to promote supposed alternatives to evolution and to emphasize alleged
problems with the theory, this time purportedly to demonstrate the existence of bias. (See
Hearing Tr. at 4761:21-4762:11; see also Employee Ex. 126 at 2-3.)

After receiving complaints about religious content in Freshwater’s teaching,
including his display of the Ten Commandments, the Superintendent ordered Freshwater to
remove the religious items from his classroom. (Hearing Tr. at 70:6-71 :7.) Freshwater removed

many of the posters from the walls but stood firm on the Bible, refusing to remove it from his

4 The teaching standard for critically analyzing evolution has since been removed from the

Ohio public school teaching standards and is not taught in any grade. In the view of one of
the members of the Ohio Board of Education, repeal was necessary because it was “deeply

~ unfair to the children of this state to mislead them about the nature of science.” Jodi
Rudoren, Ohio Board Undoes Stand on Evolution, N.Y. Times, Feb. 15, 2006, available at
http://www.nytimes.com/ 2006/02/15/national/15evolution.html.
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desk. (Hearing Tr. 75:11-76:22.) Instead, he made a public speech in the Mount Vernon town
square and afterwards provided the Board with a “statement” arguing “[u]ntil the Mount Vernon
City Schools can demonsirate to me how I can remove the Bible from my desk without
sacrificing my own God-given right to free cxercise of my faith, [ cannot in good-conscience
comply with their directive.” (Board Ex. 14; Hearing Tr. 76:7-22; 4763:19-4766:2.) Freshwater
also went to the middle school library, checked out its copy of the Bible and a book called Jesus
of Nazareth, and displayed them both prominently on his science lab table. (Hearing Tr. 76:23-
77:5.) The Board of Education resolved to commence proceedings to terminate Freshwater’s
employment. (Board Ex. 1)

Freshwater requested and was given a hearing on the Board’s resolution which
~ culminated in 38 days of testimony, involved 80 witnesses, and generated more than six
thousand transcript pages. Order, John Freshwater v. Mount Vernon City Sch. Dist. Bd. of
Educ., Case No. 11AP02-0090, at 1 (C.P., Knox County Oct. 5,2011) (“Order”). Afier seeing
the full picture of Freshwater’s classroom behavior, the Special Referee recommended that the
Board terminate Freshwater “for good and just cause,” finding, among other things, that

Freshwater failed to adhere to the established science curriculum and was “determined to inject
his personal religious beliefs into his plan and pattern of instruction of his students.” R. Lee
Shepherd Report, In the Matter of John Freshwater, at 3, 13 (“Report”). Freshwaler appealed to
the Knox County Court of Common Pleas, which reviewed the record and affirmed the Referee’s
findings. Order at 1-2. He then appealed to the Knox County Court of Appeals, which affirmed

the lower court’s ruling. Opinion and Order, John Freshwater v. Mount Vernon City Sch. Dist.

Bd. of Ed., Case No. 201 1-CA-000023, at 13 (Ct. App., Knox County, Ohio Mar. 5, 2012).



Freshwater has now appealed to this Court, arguing that he-——and by exiension all
public school teachers in Ohio-—should be permitted to teach the “known, genuine intellectual
debate that exists regarding the relative plausibility and weaknesses of evolution and intelligent
design.” (App. Br. at7.)

II. ARGUMENT

NATIONAL CENTER FOR SCIENCE EDUCATION’S PROPOSITION OF LAW NO. 1:

Teaching materials and methods that advance creationism and undermine students’
understanding of the scientific theory of evolution serve no valid pedagogical or scientific
purpose and, as a result, the termination of a public school science teacher for teaching
creationism was proper.

The NCSE submits this brief for two purposes. First, it secks to demonstrate that
the teaching materials and methods used by John Freshwater are inconsistent with well-accepted
sciehtiﬁc principles and operaie (0 undermine students’ understanding of science generally and
evolution in particular. Second, it sceks to place Freshwater’s teaching materials and methods in
their historical context to reveal their creationist nature. In sum, Freshwater’s pedagogy serves
no legitimate educational purpose in a public school science class, is scientifically unsound, and
serves only impermissibly to advance a sectarian purpose, namely, to teach creationism in its
traditional version of “creation science” or its modern incarnation of intelligent design.

Eighth grade students such as those taught by Freshwater are particularly
susceptible to adopting these sectarian teachings and believing them to be science, both because
they are in the early stages of intellectual development, and because these teachings come from
an authority figure “clothed with the mantle of one who imparts knowledge and wisdom” whose
views they are likely to equate with the views of their school. Peloza v. Capistrano Unified Sch.
Dist., 37 F.3d 517, 522 (9th Cir. 1994); see Edwards v. Aguillard, 482 U.8. 578, 584 (1987)

(noting coercive power of schools and “students’ emulation of teachers as role models™);



Webster v. New Lenox Sch. Dist. No. 122,917 F.2d 1004, 1007 (7th Cir. 1990) (same). Such
teachings, however, hinder science education and, accordingly, the NCSE respectfully urges this
court to uphold the decision of the courts below.

A. The Theory of Evolution is Universally Accepted

by Scientists and Freshwater’s “Alternatives” to
Evolution Are Religious Beliefs, Not Science.

Freshwater concedes that he taught creation science and intelligent design to his
cighth grade students. (See App. Br. at 17.) By Freshwater’s account, he engaged in “academic
discussions with students about alternative origins of life theories,” theories that “suggest that the
physical universe and life within it appeared suddenly and have not changed substantially since
appearing.” (/d.) Not only do these “competing theories” just “happen to be consistent with the
teachings of multiple major world religions,” Freshwater thinks they are also “considered by
many scientists to be mutually exclusive” with evolution. (App. Br. ét 8.) Freshwater adds that
he taught his students to “examin[e] evidence both for and against evolution” and “encourage[d]
his students to differentiate between facts and theories.” (App. Br. at 6-8.)

Freshwater appears to argue that these “competing theories” are the products of
legitimate scientific inquiry. (See App. Br. at 16 (“Whatever its origins, creation
science/intelligent design is a theory that continues to be believed and defended by numerous
highly respected, internationally renowned scientists as well as countless laypersons”™); accord
App. Br. at 17 (“[TThe Board’s apparent belief that creationism and/or intelligent design theories
have no scientific value cannot be accepted.”).)

They are nothing of the sort. Tnstead, creation science and intelligent design are
scientifically unsound, and teaching them as though they were scientifically credible undermines
science in the very classroom in which it is supposed to be taught.

1. The Scientific Community Does Not Doubt the Validity of Evolution.
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As an initial matter, Freshwater asserts that he “foster[ed] critical thinking” by
having his students “identify and discuss instances where textbook statements were subject to
intellectual and scientific debate” and by teaching them “avidence both for and against
evolution.” (App. Br. at 6, 8.) This manner of instruction implies that there is doubt within the
scientific community about the validity of evolutionary theory. There is none, and teaching
students that there is doubt where none exists scrves no pedagogical purpose; rather, it is
detrimental to their science education.

Evolution is among the most well-tested theories known. The evidence for it is
overwhelming, and no credible alternative or competing scientific theory exists. As the National
Academy of Sciences, an organization of leading scientists in every field which advises the
President and Congress on scientific affairs, explains:

The study of biological evolution has transformed our

understanding of life on this planet. Evolution provides a scientific

explanation for why there are so many different kinds of organisms

on Earth and how all organisms on this planet are part of an

evolutionary lineage. It demonstrates why some organisms that

look quite different are in fact related, while other organisms that

may look similar are only distantly related. It accounts for the

appearance of humans on Earth and reveals our species’ biological

connections with other living things. It details how different

groups of humans are related to each other and how we acquired

many of our traits [, and it] cnables the development of effective

new ways to protect ourselves against constantly evolving bacteria
and viruses.

Nat’l Acad. of Sciences at 4.

The scientific evidence in support of evolution is legion. The fossil record
demonstrates that life has grown more complex over time, ranging from the simple microbial life
that existed 3.5 billion years ago to today’s human beings. See id. at 21-23. Comparative
anatomy reveals that organisms with common biological structures and behaviors can share a

common ancestry. Id. at 24-26. The geographical distribution of species is wholly consistent
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with evolutionary theory. Id. at 26-28. DNA sequencing has confirmed that all biological
organisms on Earth share some genetic similarities, and more recent common ancestry leads to
more similar genetic sequences. Id. at 28-32. Finally, evolution helps to explain the very
existence of our species. Id. at 32-35.

Given the explanatory power of evolution and the wealth of scientific evidence
supporting the theory, its validity is beyond question in the scientific community. Indeed, “the
theory of evolution is supported by so many observations and confirming experiments that
scientists are confident that the basic components of the theory will not be overturned by new
evidence.” Id. at 11. Moreover, “[blecause the evidence supporting [evolution] is so strong,
scientists no longer question whether biological evolution has occurred and is continuing to
occur.” Id. As Dr. Patricia Princehouse, the Board of Education’s expert witness, explained:

There is no scientific controversy over whether or not evolution

happens currently, has happened in the past, whether it produced

the diversity of life that we see all around us and was responsible

for the changes that we see in the fossil record, things like that. ¢

is, in fact, the foundational concept of scientific biology.

(Hearing Tr. at 1561:24-1 562:6 (emphasis added).) The American Society for Microbiology
adds:

Evolution is not mere conjecture, but a conclusive discovery

supported by a coherent body of integrated evidence.

Overwhelmingly, the scientific community, regardless of religious

belief, accepts evolution as central to an understanding of life and
the life sciences.

American Society for Microbiology, Statement on the Scientific Basis for Evolution, Voices for
Evolution, Nat’l Center for Science Education, at 32 (3d ed. 2008). The only contemporary
debates among scientists over evolution concerns the manner and means in which evolution
occurs, not whether it 0CCurs. See (Hearing Tr. at 806:10-18; 914:11-915:15, 1562:7-1565:7);

accord Nat’1 Acad. of Sciences at 18.



Misrepresenting to students the validity of evolution or its acceptance in the
scientific community, as Freshwater has done in the past and seeks to be able to do in the future,
is not science education. It is miseducation. And it serves only to deprive students of an

understanding of one of the most fundamental and important scientific theories the world has

ever known, evolution.
2. Creation Science and Intelligent Design Are Not Scientific Concepls.

Not only is the theory of evolution overwhelmingly accepted by the scientific
community, but Freshwater’s “competing theories” of creation science and intelligent design are
not even scientific concepts. Science is more than a school subject, it is a methodology. Simply
adding the word “science” to an explanation’s label is not enough to make that explanation
scientific. Science is defined as “[t]he use of evidence to construct testable explanations and
predictioné of natural phenomena, as well as the knowledge generated through this process.”

Nat’l Acad. of Sciences at 10. To be considered scientific, an explanation must have been

generated in this manner.

The scientific method is a meticulous process. As the National Academy of

Sciences has explained:

Scientific knowledge and understanding accumulate from the
interplay of observation and explanation. Scientists gather
information by observing the natural world and conducting
experiments. They then propose how the systems being studied
behave in general, basing their explanations on the data provided
through experiments and other observations. They test their
explanations by conducting additional observations and
experiments under different conditions. Other scientists confirm
the observations independently and carry out additional studies that
may lead to more sophisticated explanations and predictions about
future observations and experiments. In these ways, scientists
continually arrive at more accurate and more comprehensive
explanations of particular aspects of nature.

10



Nat’l Acad. of Sciences at 10. Scientific explanations must be based on repeatable, naturally
occurring phenomena so they can be confirmed or disproved. Id; accord John A. Moore, From
Genesis to Genetics, The Case of Evolution and Creationism, at 94 (Univ. of Cal. Press 2002)
(scientific theories are based on “confirmatory data from observations and experiments”). To be
scientific, “[aJny . . . explanation has to be testable — there must be possible obsewatiohal
consequences that could support the idea but also ones that could refute it.” Nat’l Acad. of
Sciences at 10 (emphasis in original). An idea that cannot be refuted through observational
evidence cannot count as science. Afier all, the requirement of testability serves an important
purpose, since “{r] gpeatable _observations and experiments generate explanations that describe
nature more accurately and comprehensively, and these explanations in turn suggest new
observations and experiments that can'be used to test and extend the explanation.” Id. Ttisim
this way that science advances and, with it, our understanding of the natural world.

In a statement supporting evolution, the Royal Society detailed a few of the ways-
in which the theory of evolution allows us {o learn about the natural world:

The process of evolution can be seen in action today, for example;

in the development of resistance to antibiotics in disease-causing

bacteria, of resistance to pesticides by insect pests, and the rapid

evolution of viruses that are responsible for influenza and AIDS.

Darwin’s theory of evolution helps us to understand these
problems and to find solutions to them.

Royal Society, A statement by the Royal Society on evolution, creationism, and intelligent
design, Voices for Evolution, at 83. The theory of evolution has been repeatedly tested and “is
based on hundreds of years of scientific observation and experimentation and tens of thousands
of scientific publications.” American Chemical Society, Statement on Teaching of Evolutionary

Theory, Voices for Evolution, at 27. As a result, “[s]cientists are confident that the basic
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components of evolution will continue to be supported by new evidence, as they have been for
the past 150 years.” Nat’l Acad. of Sciences at 3.

Tn contrast, creation science and intelligent design are not scientific concepts
becausé they appeal to the supernatural in their supposed explanations of natural phenomena, and
claims about the supernatural are not subject to empirical test.

In the case of creation science, the appeal to the supernatural is blatant. “Young
carth” creationists, accepting a particular literal reading of Genesis, believe that the universe and
the earth were created only a few thousand years ago. Nat’l Acad. of Sciences at 37. They also
believe that all living things were created in a very short time and in the same form in which they
exist today. Jd. In its claims about the natural world, creation science stands contrary to the
results of scientific investigation. But in its claims that invoke the supernatural to explain the
natural world, creatidn science is untestable, Indeed, “no amount of empirical evidence that the
Earth is billions of years old is likely to refute [the Creationist’s] claim that the world is actually
young but that God simply made it appear to be old.” Jd. at 39 (emphasis in original); accord
John A. Moore, supra, at 94 (truly scientific theories “rigorously exclude[ ] supernatural
phenomena as explanations”). Because its central claims are not susceptible to empirical testing,
creation science “cannot be a part of science.” Id.

In the case of intelligent design, the appeal to the supernatural used to be equally
blatant. Intelligent design finds its genesis in the «watchmaker” argument often attributed to the
Reverend William Paley in the 19th century. See William Paley, D.D., Natural Theology, at 9-
19 (American Tract Soc’y 1881). Paley argued that the complexity of a watch demonstrates that
its pieces were put together to serve a purpose, and similar levels of complexity are reflected in

the biological composition of life on carth. Jd. Accordingly, Paley believed that life on earth

12



was designed to fulfill a particular purpose and that apparent design necessitates a designer: God.
Id. Paley’s argument is a classic example of what philosophers call the argument from design, or
the teleological argument (from the Greek word telos, meaning goal), for the existence of God.

Modern proponents of intelligent design are reluctant to identify the designer as
God, claiming “the concepts are strictly scientific and can be presented without religious
inference.” (App. Br. at 18.) But the concept of an intelligent designer responsible for the
complexity of the living world is a theolo_gical concept, not a scientific one. See Kitzmiller v.
Dover Area Sch. Dist., 400 F. Supf). 2d 707, 726 (M.D. Pa. 2005). Intelligent deéign “fails to
meet the basic definition of a scientific idea [since] its proponents do not present tesiable
hypotheses and do not provide evidence for their views that can be verified or duplicated by
subsequent researchers.” American Astronomical Society, Statement on the Teaching of
Evolution, Voices for Evolution, at 26. Appealing to the actions of a supernatural intelligent
desigper to explain phenomena i the natural world cannot constitute science, because “[i]f
explanations are based on purported forces that are outside of nature, scientists have no way of
either confirming or disproving those explanations.” Nat’l Acad. of Sciences at 10; accord
Society for Neuroscience, Statement on Evolution versus Intelligent Design, Yoices for
Evolution, at 88. To put it simply, “{i]ntelligent design is not a scientific concept because it
cannot be empiricaily tested.” Nat’l Acad. of Sciences at 42.

Moreover, proponents both of creation science and of intelligent design
misrepresent the status of evolutionary biology, arguing that its supposed explanatory failures
necessarily confer credibility on their preferred explanations and lend support to the idea that itis
legitimate to appeal to the supernatural to explain hatural phenomena. The explanatory success

of evolutionary biology refutes this argument. Biologists have been able to explain how

13



molecular systems could have arisen through natural processes, how complex biochemical
mechanisms could have evolved from simpler precursor systems, and how existing biological
systems can acquire new functions — all without resorting to the supernatural. Id. at 40-41.

Intelligent design and creation science do more than just fail to conform to the
rigors of the scientific method: they operate to undermine the scientific process. As the National
Academy of Sciences has explained:

The arguments of creationists reverse the scientific process. They

begin with an explanation that they are unwilling to alter — that

supernatural forces have shaped biological or Earth systems —

rejecting the basic requirements of science that hypotheses must be

restricted to testable natural explanations. Their beliefs cannot be

tested, modified, or rejected by scientific means and thus cannot be

a part of the processcs of science.
Nat’l Acad. of Sciences at 43. Moreover, according to the National Association of Biology
Teachers:

Whether called “creation science,” “scientific creationism,”

“intelligent-design theory,” “young-earth theory” or some other

synonym, creation beliefs have no place in the science classroom.

Explanations employing nonnaturalistic or supernatural events,

whether or not explicit reference is made to a supernatural being,

are outside the realm of science and not part of a valid science

curriculum.
National Association of Biology Teachers, Statement on Teaching Evolution, Voices for
Evolution, at 155. The Ohio Academy of Science agrees. Ohio Academy of Science, Advocacy
of Teaching Cosmic, Geological and Biological FEvolution and Opposition to Forced Teaching of
Creationist Beliefs in Public School Science Education, Voices for Evolution, at 78 (“because
‘Creation Science’ and ‘Intelligent Design’ have no scientific validity, they should not be taught
as science”). Permitting these concepts in the classroom stops science in its tracks, because there
is no need for scientific inquiry if the answer to each question posed about the natural world is

simply “The designer did it.”
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Having examined the concepts at issuc in this case, it is clear that the teaching
methods and materials Freshwater employed in the science classroom operated to undermine the
well-accepted scientific theory of evolution and promote the unscientific, theological concepts of
intelligent design and creation science. (See TLA.3-5, infra.) They serve no legitimate
pedagogical purpose and only work to deprive students of 2 sound science education.

3. The “Competing Theories” 10 Evolution Freshwater Taught Are
the Unscientific Concepts of Creation Science and Intelligent Design.

As he now concedes and as the cvidence in this case long ago established,
Freshwater taught the unscientific concepts of creation science and intelligent design to his
eighth grade students under the guise of science.

Freshwater advanced intelligent design arguments in his classes through, for
example, the use of the “Giraffe” and “Woodpecker” handouts, which both undermine the
prevailing scientific views of evolution and propose a supposed altemative to it. (Board Ex. 6 at
Attachment 8.) These handouts highlight the complexity inherent in the biological world,
trivialize the idea that such complex anatomical structures could result from natural selection,
and advocate for the existence of an intelligent designer to explain them.

The “Giraffe” handout, for example, notes that the giraffe has complicated
biological structures to protect the animal’s brain from changes in blood pressure that result
when the animal raises or lowers its head. (Board Ex. 6 at Attachment 8.) It notes that without
these protections, the giraffe could not survive, and adds that “we all know that [dead] animals
don’t evolve anything, even though cvolution demands its creatures realize they need an
improvement before that improvement begins to evolve.” Id. The handout states that “a giraffe
is a giraffe” and not a creature “emerging from some other creature or changing into a ‘higher’ or

more [complex] animal.” Jd. And it concludes with the question “is there an L.D. involved?” Id.
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The “Woodpecker” handout focuses on a woodpecker’s ability to penetrate bark with its beak
and collect insect larva from within using its tongue. Jd. Like the “Giraffe”” handout, the
“oodpecker” handout focuses on the organism’s inability to consciously select the
physiological improvements it needs to adapt and concludes with the question “is there an L.D.
involved?” Id.

These handouts represent an adaptation of Paley’s teleological arguments favored
by proponents of intelligent design. They highlight the specialized anatomical structures these
animals possess and argue that complex structures could not have developed solely through
natural processes. In so doing, they replace Paley’s watch with a giraffe’s circulatory system and
a woodpecker’s beak and ask “is there an L.D. involved?”

Freshwater also promoted creationism by advancing the so-called water vapor
canopy theory, which he taught under the name “hydrosphere theory.” Proponents of this view
contend that when the earth (and the universe) was created there was a canopy of vapor or water
that existed in a gaseous form above the atmosphere. At a certain point this canopy condensed,
producing the deluge biblically described as Noah’s flood. (See Hearing Tr. at 1566:1 1-1567:5.)

Freshwater provided his students with classroom discussion and handouts
promoting the hydrosphere “theory” as an alternative to the established geological consensus
about the h%story of the earth. (Hearing Tr. at 456:25-457:3; Board Ex. 6 at Attachment 9.) He
described to his students that “the earth was[] surrounded by . . . a dome of . . . condensed water”
that made it sufficiently humid for dinosaurs to live in Alaska and Antarctica. (Hearing Tr.

347:22-348:10.) This dome broke, the planet flooded so much that “fish would be stuck on top

5 The overwhelming consensus at the hearing was that these handouts were inappropriate or
misrepresented the state of science, and Freshwater himself conceded that they “were not
good science.” (See Hearing Tr. at 1522:10-1537:6, 1547:13-1561:20; 4522:14-4523:21.)
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of mountains,” and the water flowed back out, “kill[ing] a lot of dinosaurs and [other] species” in

the process. (/d.) Freshwater also provided his students with handouts that argued that

“[d]inosaur [e]xtinction is a recent phenomenon” and that “[m]any of the great sea and land

monsters went extinct in a global flood 4400 years ago.” (Board Ex. 6 at Attachment 9.) Noah’s
flood features prominently in the Bible, where Freshwater admits he looks for evidence of

scientific theories. (See App. Br. at 16 1n.6.) Freshwater also admitted that he told his class that

dinosaurs may have walked the carth at the same time as humans. (Hearing Tr. at 463:12-14.)

The hydrosphere argument, however, is not a scienﬁﬁc theory, lacks any
demonstrable basis in fact, and is contradicted by the geological record. (See Hearing Tr. at
1566:11-1567:5.) Instead, the belief that the fossil record is the product of a worldwide flood “is
at odds with observations and evidence understood scientifically.” Nat’1 Acad. of Sciences at 38.
In.particular, “[t]he belief that the Earth’s sediments, with their fossils, were deposited in a short
period does not accord either with the known processes of sedimentation or with the estimated
volume of water needed to deposit sediments on the top of some of Earth’s highest mountains.”
Id; accord John A. Moore, supra, at 94 (“Professional geologists . . . agree that there is no
geological evidence whatsoever for a worldwide flood that covered the highest mountains and
destroyed all life less than 5,000 years ago”).

The teaching of untestable religious views and “theories” that are soundly refuted
by the geological record and rejected bylthe scientific community does not advance science
education. To the contrary, it miseducates students and steers them away from science, all to the
lasting detriment to their science education. |

4. Freshwater Misuses the Scientific Terms “Theory” and “Fact.”

By teaching that evolution is a theory and not a fact, Freshwater implied to his

students that a scientific theory is a speculative or unsubstantiated proposition. This evinces a
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fundamental misunderstanding and misuse of the scientific terms “theory” and “fact,” and has
been a staple tactic of the anti-evolution movement in‘the United States since the era of Scopes.

In science, our most well-substantiated and comprehensive explanations for
natural phenomena are called theories. Well-known scientific theories include the heliocentric
theory, atomic theory, the general theory of relativity, quantum mechanics, the germ theory of
disease, and the gene theory of heredity. As the National Academy of Sciences has explained,
“[t}he formal scientific definition of theory is quite different from the everyday meaning of the
word” in that “[i]t refers to a comprehensive explanation of some aspect of nature that is
supported by a vast body of evidence.” Nat’l Acad. of Sciences at 11. According to the National
Association of Science Teachers:

The most important scientific explanations are called “theories.”

In ordinary speech, “theory” is often used to mean “guess” of

“hunch,” whereas in scientific terminology, a theory is a set of

universal statements that explain some aspect of the natural world.
Theories are powerful tools.

National Science Teachers Association, NSTA Position Statement: The Teaching of Evolution,
Voices for Evolution, at 164. And as explained by the American Astronomical Society, “[a]
scientific theory is not speculation or a guess - scientific theories are unifying concepts
explain the physical universe.” American Astronomical Society, Statement on the T eaching of
Evolution, Voices for Evolution, at 25-26.

Even well-established scientific theories may be, and usually are, incomplete.
Atomic theory, for example, expresses the general understanding that matter is composed of
atoms. It does not mean that physicists fully understand everything about atoms; there are
“gaps” in our knowledge of atomic theory. Nonetheless, no reputable scientist doubts the basic

proposition that matier is made of atoms or that atomic theory is a powerful framework for

understanding natural phenomena.
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Teaching science students to view evolution as a “theory” in the non-scientific,
lay sense, i.e.,a speculative or unsubstantiated proposition, misinforms them of the irue nature of
evolutionary theory accepted throughout the scientific community. This miseducation, however,
may be compounded by misleadingly juxtaposing the word “fact” with “theory,” as Freshwater
concedes he did. (See App. Br.at6 (“Freshwater sought to encourage his students to
differentiate between facts and theories or hypotheses, to question and test theories and
hypotheses.”).) Ina non-scientific context, the word “fact” connotes certainty, finality, and
immutability; facts are permanent and unproblematic. In science, however, everything —
including what we take to be fact — is in principle revisable in light of more accurate
instrumentation, further evidence, or changes in theory that cause us t0 look differently at
phenomena.

That does not mean that scientists doubt the basic proposition that living things
share common ancestry. Indeed, if the word «wfact’ refer{s] to a scientific explanation that has
been tested and confirmed so many times that there is no longer a compelling reason to keep
testing it or looking for examples . . . the past and continuing occurrence of evolution 1s a
scientific fact.” Nat’l Acad. of Sciences at 11. Using the terms “fact” and “theory” Wrong
misleadingly as Freshwater did serves to propagate an incorrect view of science and of evolution.
There is no valid pedagogical or scientific purpose for using scientific terms incorrectly and
thereby thwarting the purpose of science education.

5. Freshwater’s Classroom Instruction Was Designed
to Undermine Science That Contradicts Creationism.

The record also reflects that Freshwater instructed his students in ways that
further undermined evolution and other areas of established science that are perceived to be

inconsistent with creationism. For example, he instructed his students that the scientific means
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of estimating the age of the carth and its life forms is unreliable. (See Board Ex. 6 at Attachment
9 (stating that radiometric dating is erroneous and suggesting that humans and dinosaurs existed

simultaneously on earth).) Some creationists believe thét the earth is relatively young, perhaps

~ only 6,000 to 10,000 years old, and that all living beings were miraculously created essentially in

their present form. See Nat’l Acad. of Sciences at 37.

However, the idea that “the entire universe was created relatively recently, i.e.
less than 10,000 years ago . . . contradicts results of astronomical research during the past two
centuries indicating that some stars now visible to us were in existence millions or billions of
years ago, as well as the results of radiometric dating indicating that the age of the earth is about
4.5 billion years.” American Astronomical Society, Resolution on Creationism, Voices for
Evolution, at 24. Indeed, “[t]oday, some billion-year old rocks can be dated with a precision of
less than a tenth of one percent.” Geological Society of America, Evolution, Voices for
Evolution, at 48.

In light of this temporal disparity between scientists’ estimates of earth’s age and

the age ascribed by young earth creationists, the latter often criticize radiometric dating as

1~

based upon

inaccurate and unreliable. {(See Board Ex. 6 at Attachment 9 (“Radiometric Dating is upor
controversial assumptions held to be erroncous by many scholars, as indicated by empirical

research™).) These criticisms, however, do not reflect the scientific consensus and instead are

In his classroom, Freshwater employed a rhetorical technique by which his
students called out the word “here” whenever they read a passage of their science textbook that
concerned topics that could not have been witnessed by a human being and therefore, in

Freshwater’s view, may not be true. (See Hearing Tr. 4505 :0-4507:14.) Tellingly, he provided
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an example of this by referring to textbook passages that eﬁplained that the earth was 4.6 billion
years old and that the Precambrian era Jasted until 540 million years ago, stating that “there was
no eyewitness there” and “[i]t’s extrapolated information in order to get that date, so a kid could
say ‘here’ on that,” (Hearing Tr. at 4509:4-4510:2.)

Although Freshwater’s use of the word “here” may be novel, the criticism it
implies has already been considered and rejected by the scientific community. Arguing that
“nobody has scen evolution,” for example, misses the point about how scientists test hypotheses.
See Nat’l Acad. of Sciences at 39. Scientists do not have 10 «see” the earth going around the sun;
instead, they “inferred from a wealth of independent measurements that the Sun is at the center
of the solar system.” Id. Indeed, “for many areas of science, scientists have not directly
observed the objects . . . or the phenomena . . . that are now well-established facts” and
«confirmed them indirectly by observational and experimental evidence” instead. Id. Asone
commentator has noted, “{a] lthough w.e cannot ‘see’ evolution on any major scale, much of the
data of biology and paleontology canmot be understood without it.” John A. Moore, supra, at 92.
Moreover, the effects of natural selection can be witnessed on a minor scale. For example,

microorganisms with short generation times can demonstrate specific changes from immediately

preceding generations. Id.

When viewed through the lens of history, Freshwater’s teaching methods and
materials are revealed to be part of a prolonged, religiously—motivated campaign to undermine
the teaching of evolution in this nation’s public schools. The sad irony here is that, based solely
on his religious faith, Freshwater seeks to avoid presenting a scientifically and pedagogically

appropriate treatment of the very subject he was hired and paid to teach: science. That result, as

a matter of law and logic, should not be allowed.
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B. Freshwater’s Pedagogy Represents the Latest
Efforts in a Long Tradition of Opposition of
Some Religions Groups to the Teaching of Evolution.

The facts of this case reveal that Freshwater’s classroom instruction to his eighth
grade science students clearly reflects not only the beliefs of religious adherents who oppose the
teaching of evolution, but also their strategies to inject creationism into, and to undermine the
presentation of evolution in, public school instruction. These strategies have been repeatedly
rebuffed by the courts.

L The “First Generation” of Anti-Evolution Efforts
7 Attempted to Ban the Teaching of Evolution Quiright.

The anfi-evolution movement and the cfforts it has advocated to prevent or
undermine the teaching of evolution in public schools find their origin just after World War L
when a segment of American Protestants, indentifying themselves as fundamentalists, perceived
a decline in traditional morality and thought evolution was to blame. McLean v. Ark. Bd. of
Educ., 529 F. Supp. 1255, 1259 (E.D. Ark. 1982). Adhering to “the inerrancy of the Scriptures,”
such fundamentalists began to lobby state legislatures for statutes banning the teaching of any
theory in conflict with their views regarding the origins of life on earth. Jd. at 1259. These
outright prohibitions on the teaching of evolution constituted the “first generation” of anti-
evolution efforts.

These efforts iﬁitially were successful in Tennessee and Arkansas. In 1928, an
Arkansas statute was passed by initiative making it illegal “to teach the theory or doctrine that
" mankind ascended or descended from a lower order of animals™ or adopt any textbook advancing
that position. Epperson v. Arkansas, 393 U.S. 97, 98-99 (1968) (citation omitted). In doing so,
Arkansas radopted a watered-down version of Tennessee’s famed “monkey law,” which was

passed three years carlier and made it unlawful “to teach any theory that denies the story of the
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Divine Creation of man as taught in the Bible, and to teach instead that man has descended from
a lower order of animals.” /d. at 108-09 (citation omitted). The Arkansas law remained in effect
for forty years.

In 1968, the United States Supreme Couft struck down this law, holding that
“[t]here is and can be no doubt that the First Amendment does not permit the State to require that
teaching and learning must be tailored to the principles or prohibitions of any religious sect or
dogma.” Id. at 106. Accordingly, the Court found that the Arkansas law violated the First and
Fourteenth Amendments to the Constitution because it reflected “an attempt [by fundamentalists]
to blot out a particular theory because of its supposed conflict with the Biblical account, literally
read.”” Id. at 109. This ended the cra of outright prohibition on teaching evolution.

2. The “‘Second Genemrioﬁ ” of Anti-Evolution

Efforts Attempted to Esiablish “Balanced
Treaiment” Between Evolution and Creationist Dogma.

In response to the Epperson decision, evolution opponents refined their approach
and began advocating for a “second generation” of anti-evolution efforts. The nation had been
inspired to improve its science curriculum after the Soviets launched Sputnik, and a federally

financed organization composed of scientists and master teachers, the Biological

wn

Curriculum Study, produced biology texts that significantly incorporated evolution. McLean,
529 F. Supp. at 1259. At the same time, fundamentalists formed organizations to advance the
idea that the account of creation in the Book of Genesis, as they understood it, was supported by
scientific data. fd. This “scientific” approach to creationism would form the cornerstone of the
second generation anti-evolution efforts.

These second generation anti-evolution efforts called for “equal time” or
“halanced treatment” between evolution and “creation science” in public schools. See id. at

1261. They were typified by a “model act” propounded by Paul Ellwanger and his organization,
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Citizens for Fairness in Education. Id. Ellwanger may have viewed anti-evolution efforts as
sorties in a “battle . . . between God and anti-God forces,” but he did not belicve that creation
science was scientific. Id. Ashe explained, “we’re not making any scientific claims for
creation, but we are challenging evolution’s claims to be scientific.” Id. Nevertheless,
Eliwanger instructed supporters to “be careful not to present our position and our work in a
religious framework,” as that would harm his group’s lobbying efforts. Id. at 1261-62.

Ellwanger’s lobbying efforts were successful in Arkansas, which passed
legislation providing that “[pJublic schools within this State shall give balanced treatment to
creation-science and to evolution-science.” Id. at 1256 (citation omitted). The statute defined
“creation écience” to include “[s]uddeh creation of the universe, energy, and life from nothing™;
“[s]eparate ancestry for man and apes”; “[e]xplanation of the earth’s geology by catastrophism,
inchlding the occurrence of a worldwide flood”; and a “relatively recent inception of the earth
and living kinds.” Id. at 1264 (citation omitted). This law was quickly challenged as violating
the First and Fourteenth Amendments to the Constitution.

The district court considering the Arkansas staiute held that its definition of
“creation science” conveyed “an inescapable religiosity.” Id. at 1265. The court notc
ideas contained in the definition were “not merely similar to the literal interpretation of Genesis;
they are identical and parallel to no other story of creation.” Id. Accordingly, the court found
that there was “no doubi that a major effect of the Act s the advancement of particular religious
beliefs.” Id. at 1266.

The court also examined the merits of creation science as a scientific doctrine and
found it to be baseless. The court noted that creation science relies on a two-model approach

which contends that there are only two possible explanations for the appearance of life on garth:
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either the creationism of some conservative Christians or the scientific theory of evolution.
Under the assumptions of this model, creationists believe that the denigration of evolution is
sufficient to demonstrate the truth of creationism. The McLean court held, however, that the
“two model approach of the creationists is simply a contrived dualism™ that “has no scientific
factual basis or legitimate educational purpose.” Id. at 1266. And the assumption of only two
explanations for the origins of life and the existence of man amounted t§ “fallacious pedagogy.”
Id. at 1267.

The court added that creation science was “simply not science” because it did not
meet any of science’s essential characteristics. Jd. The belief in creation out of nothing depends
upon the influence of a supernatural creator, which is not testable against the empirical world or
falsifiable. Jd. Moreover, the court noted that “[a] worldwide flood as an explanation of the

? (1]

world’s geology is not the product of natural law” and that the earth’s “[relatively recent
inception” was a similarly hollow concept. /d. at 1268. In striking down the Arkansas law, the

court explained that scientists as a whole had rejected creation science, as evidenced by the fact

that “not one recognized scientific journal has published an article espousing the creation science

-

theory,” and had opined that the creationist’s methods were incompatible with science because
they were “dogmatic, absolutist, and never subject to revision.” Id. at 1268-69

The Supreme Court was also called on to consider the second generation of anti-
evolution efforts and arrived at a similar conclusion, A Louisiana statute adopted under the guise
of improving academic freedom required teachers to teach creation stience if they taught
evolution, and defined “creation science” to be “the scientific evidences for [creation] and
inferences from those evidences.” See Edwards, 482 U.S. at 581, 586 (citation omitted). The

Court noted that although it “is normally deferential to a State’s articulation of a secular purpose,
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it is required that the statement of such purpose be sincere and not a sham” and found that
“requiring schools to teach creation science With ovolution does not advance academic freedom.”
Id. at 586-87. Examining the legislative history, the Court also concluded that that “the term
‘creation science’ . . . embodies the religious belief that a supernatural creator was responéible
for the creation of humankind.” Id. at 592, Additionally, “the legislature chosc to affect the
teaching of the one scientific theory that historically has been opposed by certain religious sects”
in passing the law. Id. at 593. Given this, the Court held that the primary purpose of the law was
to advance a religious belief and that it was therefore constitutionally impermissible. Id.

The overwhelming consensus of courts, like that of scientists and educators, is
that creation science is not science at all. See, e.g., Webster v. New Lenox Sch. Dist. No. 122,
No. 88-8328, 1989 WL 58209, at *2 (N.D. I1l. May 30, 1989) (“[Tlhe question before this court
is whether [plaintiff] has a first amendment right to teach creation science. As previously
discussed, the term “creation science” presupposes the existence of a creator and is
impermissible religious advocacy that would violate the first amendment”); Freiler v.
Tangipahoa Parish Bd. of Educ., 975 F. Supp. 819, 829 (E.D. La. 1997) (“What offends parents,
students, and School Board members about the teaching of evolution, and the reasons which
underlay the Creation Science proponents, is that the teaching of the scientific theory of

evolution in public schools is not accompanied by the theory, indeed the belief, that a Supreme

Being was the designer and creator of humankind”).
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3 The “Third Generation” of Anti-Evolution Efforts Attempts to
Undermine Evolution While Promoting a T) heory of Intelligent Design.

FEdwards ended the second generation of anti-evolution efforts. However,
fundamentalists modified their efforts to target evolution and promote their religious views
through the science classroom. This “third generation” of anti-evolution efforts uses a two- -
pronged approach: promoting a rebranded version of creationism called intelligent design and
undermining the perceived validity of evolution.

In the first prong of the third generation of anti-evolution efforts, a number of
opponents of evolution also responded to Edwards with a new “glicrnative” lo evolution. See
Kitzmiller, 400 F. Supp. 2d at 718-22. Dropping the moniker “creation science,” they began to
advocate for “intelligent design.” Id. at 718. For the Discovery Institute, the de facto
headquarters for intelligent design, intelligent design was the thin end of a “wedge” intended to
“defeat scientific materialism and its destructive moral, cultural, and political legacies.” Id. at
720 (citation omitted). However, like previous fundamentalist “alternatives” to evolution,
intelligent design was rejected by a federal court as being religious in nature. In doing so, the
Kitzmiller court noted that “[a]ithough proponents of the [intelligent design movement]
occasionally suggest that the designer could be a space alien or a time-travelling cell biologist,
no serious alternative to God as the designer has been proposed.” Id. at 718. Accordingly, the
court concluded that “[t]he overwhelming evidence at trial established that [intelligent design] 1s
a religious view, a mere re-labeling of creationism, and not a scientific theory.” Id. at 726.

The second prong of the third generation of anti-evolution efforts focuses on
undermining the public’s belief in evolution as a viable scientific theory. Iis proponents have
advocated “teaching the controversy” that allegedly surrounds evolution. John A. Moore, supra,

at 94 (“The goal of the creationists is to emphasize the gaps and sow doubt in the minds of the
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audience about the adequacy of the evidence for evolution”). They have succeeded in enacting
policies that require disclaimers to be attached to science textbooks that state evolution “is a
theory not a fact.” See, e.g., Selman v Cobb County Sch. Dist., 449 F.3d 1320, 1324 (11th Cir,
2006). They have published lists of “tough” questions for students to ask their science teachers,
héping to undermine evolution. (Hearing Tr. at 1551 :9-17.) And they have attempted to
proliferate an idea that scientists are increasingly withdrawing from their acceptance of
evolution. (Hearing Tr. at 1591:2-8.) These and other tactics are being employed to undermine
evolution and “replace materialistic explanations with the theistic understanding that nature and
human beings are created by God.” Kitzmiller, 400 F. Supp. 2d at 720 (citation omitted).
However, like other creationist constructs, they are intended to promote religion, and their use in
our public schools violates the Constitution. See id. at 731 (“An objective adult member of the
Dover community would also be presumed to know that . . . teaching about supposed gaps and
problems in evolutionary theory [is a] creationist religious strateg[y] that evolved from earlier
forms of creationism.”).

4. Freshwater’s Pedagogy is Consistent With This "1 hird
Generation” of Opposition Tactics Designed to Undermine Evolution.

Freshwater’s pedagogy is consistent with this third generation of anti-evolution
offorts. He has atiempted to minimize the religious nature of his pedagogy by advancing secular
purposes for it, but these secular purposes do not withstand scrutiny. For example, Freshwater
taught his students to call out the word “here” when they encountered facts in their textbooks that
predated a human eyewitness ﬁr where “scientific theories . . . appeared to . . . be portrayed as
indisputable facts.” (App. Br. at 9.) Although Freshwater testified that he did not use this
method to highlight passages that in his view contradicted Biblical perspectives, the only

example of this method he could provide concerned the earth’s age, a point that Biblical
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creationists chgracteristically dispute. (Hearing Tr. at 4505:12-4510:12.) (See ITLA.S, supra.)
Moreover, although he argued that he used a number of anti-evolution materials as examples of
scientific “bias,” he admitted that these materials “are not good scieﬁtiﬁc method.” (Hearing Tr.
at 4513:21-4516:24.)

Instead, Fr_eshwatef’s anti-evolution materials, just like the third generation anti-
evolution movement of which they are a part, are intended to promote his view of religion rather
than further any legitimate scientific or secular purpose. The materials Freshwater used were
generated by organizations with religious goals such as Kids4truth.com, whose stated goal is to
“caus[e] you to acknowledge that there is one true creator, God,” and the Discovery Institute, the
organization responsible for advancing the “Wedge” strategy. (Hearing Tr. at 1532:22-1536:16;
1537:7-1545:7; 1547:13-1548:4; 1559:23-1561:20.) He also directed students fo a website run
by a young earth creationist ministry, “Answers in Genesis.” (Hearing Tr. at 471:17-25.) And,
as discussed above, Freshwater taught the “ylternatives” of intelligent design and the
“hydrosphere theory,” see (Board Ex. 6 at Attachment 8; Hearing Tr. at 347:22-348:10; 456:25-
457:3), concepts which courts have been expressly found to be motivated By a non-sccular,
religious purpose, see Kitzmiller, 400 F. Supp. 2d at 726; McLean, 529 F. Supp. at 1265. Indeed,
when making a speech in the Mount Vernon town square, Freshwater relied on a “statement” that
proclaimed “I do not forfeit my right to free expression of my faith when I walk into the school.”
(Board Ex. 14.)

Freshwater’s teaching materials and methods may have helped him convey his
faith in the science classroom, but they did not accurately describe the state of science in the 21st

century. Instead, they operated to undermine science education and had a demonstrably negative

offect on his students’ understanding of the subject.
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C. Freshwater’s Pedagogy Had a Real, Deleterious
Impact on His Students’ Understanding of Science.

Instructing students about creation science and intelligent design in the science
classroom certainly carrics the potential to damage their understanding of science. As the Royal
Society cautioned:

Science has proved enormously successful in advancing our

understanding of the world, and young people are entitled to learn

about scientific knowledge, including evolution. They also have a

right to learn how science advances, and that there are, of course,

many things that science cannot yel explain. Some may wish to

explore the compatibility, or otherwise, of science with various

religious beliefs, and they should be encouraged to do so.

However, young people are poorly served by deliberate attempts to

withhold, distort, or misrepresent scientific knowledge and

understanding in order to promote particular religious beliefs.

Royal Society, A statement by the Royal Society on evolution, creationism, and intelligent
design, Voices for Evolution, at 84.

The results in this case confirm that these potential harms become a practical
reality when Freshwater’s pedagogy is permitted in the science classroom. The record
demonstrates that Freshwater’s teaching had a detrimental impact on his students’ understanding
of science.

As carly as 2002, the chair of the Mount Vernon High School science departmernt
recognized that students were being misinformed about evolution, and he suspected Freshwater
was to blame. (Hearing Tr. at 908:16-909:8.) In addition, a high school science teacher who
taught certain of Freshwater’s former students when they graduated to the ninth grade noticed
that a number of these students had difficulties understanding the differences between a theory
and a law, since they believed “that a theory is a guess and a law 18 true.” (Hearing Tr. at 783:1-
10.) Some also brought with them “a misunderstanding about accuracy of dates in science” and

“seem[ed] real uncomfortable with the idea that we can say the earth is around 4.3 and 4.5 billion
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years” old. (Hearing Tr. at 783:17-784:2.) Others recalled debating evolution and creationism in
Freshwater’s class, and noted that he provided “both sides” of the story in teaching evolution.
(Hearing Tr. at 784:3-10; Board Ex. 6 at Attachment 11.} |

In other classes, these students would often interrupt with critiques like “that’s not
true, Mr. Freshwater said it’s not true” and comments such as “{w]e can’t know what happened
in the past because we weren’t there,” “carbon dating . . . isn’t accurate,” “[t}here’s no evidence
for [the] Big Bang,” and “Romans killed the dinosaurs.” (Hearing Tr. at 7 06:25-797:14.) The
high school teacher found it necessary to “reteach the science” Freshwater’s former students
should have learned in his class before moving on to the ninth grade science curriculum.
(Hearing Tr. at 797:25-798:6.)

In sum, Freshwater’s attempts to teach his students “alternatives” to evolution and
to undermine its validity fit soundly within the long tradition of anti-evolution teachings that lack
any basis in science or sound pedagogy. His students, still in the early stages of intellectual
development, were susceptible to these teachings, because they came from their teacher, an
authority figure and role model whose views they naturally would seek to emulate. See Peloza,
37 F.3d at 522; Edwards, 482 U.S. at 584; Webster, 917 F.2d at 1007. Unsurprisingly, the end
result of such instruction was students who misunderstood the theory of evolution and even what
a scientific theory is, who mistakenly believed that “theories” based in Biblical creationism are
scientific alternatives to evolution, and who, quite literally, were taught to believe that dinosaurs
roamed the earth along with humans.

The deleterious effect on science education of such sectarian teaching methods is
perhaps most clearly seen in the conclusion one eighth grader reached after attending

Freshwater’s class: “you can’t trust science because science can’t tell you anything.” (Hearing
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Tr. at 671:25-672:25.) Surely there is no valid pedagogical purpose in teaching students in
science class that science cannot be trusted.

IV. CONCLUSION

Freshwater’s classroom instruction and teaching methods concerning evolution
have no basis in science and serve no valid pedagogical purpose. They aré reflective of third
generation anti-evolution efforts intended to devalue the theory of evolution in order to promote
religious beliefs. Given the importance of evolution as a fundamental, unifying, explanatory
theory and its well-cstablished place in science education, Freshwater’s teaching pracﬁces should
not be tolerated. For all of the above reasons, the NCSE urges this court to uphold the decisions

of the courts below.
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reface

Seientific and technological advances have had profound effects on human life.
Trt the 19th century, most families could expect to lose one 01 more ¢hildren ©
disease. Today, inthe United States and other developed countries, the death
of & child from diseage iy unconumon. Fvery day we rely an sechriotogies made
possible through the ag,pkig:ad:imwf sclentific krowledge and processes. The com-
ters and cell phones which we use, fhe cars and airplanes rwhich we teavel,
$h siredicines that we take and many of the foods that we eat were developed in
part throagh insights ftained from scientific research. Science has boosted living
stanidards, has engbled Rumarns to travel into Barth's ogbit and to the Moon, and
Hais given us new way's of thinking about ourselves and the universe.

Evolutignaty biology has been and continues to be a cornerstone of modern
scierice. This hoaklet documents some of the major contributions that an under-
standing of evolution has made to human well-being, including its contributions
to preventing and treating human disease, developing new agriculiural products,
and creating industrial innovations. More broadly, evoludion is a core colic ot in
biology that is based both I the study of past life forms and in the study of the
relatedness and diversity of present-day organisms. The rapid advances nOW
being made in the life sciences and in medicine rest on pringiples derfved from
artanderstanding of evolution. That anderstanding has arisert betl fhrough the
study of an ever-expanding fossil record and, equally importantly, through the
application of madern biological and molecalar sciences and technalogies to the
study of evolution. Of course, a5 with any active area of science, tany fascinat-
inig questions remain, and this booklet highlights some of the active research that
is currently under way that addresses questions about pyvolution.

However, polls show that many people continue © have questions about
our knowledge of biological evolntion. They may have been fold that scientific
understanding of pvelution is incomplete, incorrect, or in doubt. They may be
skeptical that the natugsl process of biolpgical evolution could have produced
such an incredible array of living things, from microscopic bacteria to whales
and redwood trees, from simple spanges 0n coral reefs to humans capable of
contemplating life’s histery on this planet. They may wander if it is possible to
accept evolution and still adhere to religious beliefs.

'mmmeManwMﬁﬂmmwmwmm.Hﬁwﬁmnm%we%a
cesource fur people who finct themselves embroiled in debates about evolution.
It provides information about the role that evolution plays in modern biotogy
and the reasons why only scientifically based explanations should be included
in public school science COUrses. Interestest readers may include school board
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merabers, science teachers and other education leadess, policy makers, legal
scholars, and others in the community who are committed to providing students
with quality science education. This bosklet is also directed to the troader audi-
ence of gh-quality sehool and college students as well as adults whowish o
becorne more familiar with the many strands of evidence supporting evelution
and to-understand why evolution is both.a factand a process that accounits for the
diversity of life on Farth.

This booklet also places the study of evolution in a broader context. it defines
what “theory” meansdn the scientific community. 1t shows how evolutionary
theory reflects the nature of science and how it differs from refigion. It explains
why thé overwheloing majority of the sclertific comunity accepts evolution as
the basis for modern biology. It shows that some individual scientists and reli-
gious prganizations have described Bow, for them, evolution and their faith are
riot in oppesition to each other. And it explains why nonscientitic alternatives to
evolution such as creationism (indluding irttelligert design creationisim) should
not be part of the science curriculum in the nation’s public schools.

Science, Evolution, and Creationisii is the third edition of a publication first
jssued in 1984 by the National Academy of Sciences, an independent society of
scientists elected by their peers for outstancing corribirtions to their field. Thie
Mational Acadeny of Sciences has Had a masdate from Congress since 186310
aclvise the federal government an issues of seience and technology: Given the
increasing impertance of evolution o the life; pheysical, and medical scignces
and to the improvement of health care, thifs new edition is a joint publication of
the National Academy of Sciences and the [nstitute of Medicine. The Institute
of Medicine was chartered in 1871 as a componen t of the National Academy
of Sciences to provide science-hased advice on matters of biomedical science,
medicine, and health.

Much has happened in evolutionary biology since the release pf the first two
editions of this booklet, and tus new edition provides impaortant updates about
these developments. Fossil discaveries have continued to produce new and

comipelling evidence about evolutionary history. New information and under-
standing about the molecules that make up organisms has emerged, including
the complete DNA sequenees of humans. DNA sequencing has becoune 2 power-
fut tool for establishing genetic relationships ameng species. DN A evidence has
hoth canfirmed fossil evidence and allowed studies of evelution where the fes-
«il record is still incomplete. An entirely new field, evolutionary developmental
biology, enaliles scientists to study how the genetic changes thal have oecurred
throughout history have shaped the forms and functions of organisms. The study
of biological evolution constitites one of the most active and far-reaching encleav-
ors in all of modern science.

The public controversies that switl around evolution also have changed. In
the 1980s many peeple:opposed to the teaching of evolution in public scheols
supporied legistation that would have required bidlogy teachers to discuss “gcien-
fific creationism” — the assertion that the fossil ecord and the planet’s geological
features are consistent with Earth and its living things being created just a few
thousand years ago. Major court gases - meluding a Supreme Court case in
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1987 ruled that " creation science” is the product of religious conwvictions, not
seientific research, and that it cannot e taght in public schoals because to doso
wiuld intpose a particulac religious perspective on all students.

Gince then, the opponents of evotution have taken other approaches. Sotne
have backed the view known as “irtelligent design,” 8 new form of cre
atignisty Based on the.contention fhat fiving fhisigs ave tap comples t Have
gvotved througih natural mechardstis. Jit 2005 a landrmark court case in Dever,
Pennsylvania, deemed the teaching of intelfigent design anconstinetional, again
because it is based on religious conviction ard ot scence,

Ohihers have argued that scienice teachers should teach the “congroversies’”
strrounding evolution. But there is no controversy in the scientific COTRIMUIRILY
about whether evolution has occnred. On the contrary, the evidence supporing
descent with modification, as Charles Darwin termed ii, is both overwhelming
and compelting, In the century and a half since Darwin, scientists have uncov-
ered exguisite defails aboul many ot the mechanisms that undettie biclogical
variahion, inheritance, and natural selection, and they have shown how these
mechantsms lead to bivlogical change pver fime. Because of this immense body of
evidencs, sclentists treat the oeourrence of evelution as one ol the most securely
established of scientific facts. Biologists also are confident in thelr understanding
of hew evelution occurs.

This publicalien consists of three main chapters. The first chapter briefly
deseribes fhe process of evolution, the nahme of science, and differences betwesn
science-and religion. The second chapter examines in greater detail the many dif-
forent kinds of scientific evidence that support evolution, including evidence from
fields as diverse ag astronomy, paleontology, compa rative anatomy, molecular
Ppiglogy, genetics, and anthropology. The thicd chapter examines several creaticn-
ist perspectives, including intethigent design, and discusses the scientific and legal
reasens Against teaching creationist ideas in public school séience classes. A selec-
tion of Frequuntly asked guestions follows the miain fext. “Additional Readings”
inclugle papers referenced in this boelklet and other publications abaut evolation,
the vatire of science, and religion.

As Scivnce, Evolution, and Creationisin wa kes clear, the evidence for evolution
can be fully compatible with religious faith. Science and religion are different
ways of anderstanding the world, Needlessly placing them in upposition reduces
the potential of each to contribute to a befter future.

Ralph ]. Cicerone Harvey V. Fineberg Francisco . Ayala
Presiient Prezident Commitiee Chair
Natonal Academy of Sciences institube of Medicne
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CHAPTER ONE

EVOLUTION
AND THE NATURE
OF SCIENCE

logical
d pace,

The scientific evidence supporting
eoolation continwes fo grow at a va

"

For more than.a century ard a half, scientists have been gathering evidence
thatexpands out understanding of both the fact and the processes-of biological
evolution. They are investigating how evolution has occurred and is continuing
to oocur.
Tn 2004, for example, a team of researchers macle a remarkable discovery.
On an island in far northern Canada, they found a four-foat-fong fossil with
features intermediate between those of a fish and a four-legged animal. Tt had
gills, scales, and fins, and it probably spent most of its life in the water. But it
also had lungs, a flexible neck, and a sturdy fin skeleton that could support its
body in very shallow water or 60 land.
Earlier scientific discoveries of fossilized plants and animals had already
revealed a considerable amount about the env ironment in which this creature
tived. About 375 million years ago, what is now Ellesmere Island in Nunavut
Territory, Canada, was part of a broad plain crossed by many meandering o
streams. Trees, forns, and other ancient plants grew on the banks of the streams, Si’e;*;g* n sextal-
creating a rich environment for bacteria, fungl, and simple antmals that fed on g};ﬁp Sp;;fgfﬂigfw
decaying vegetation. No large amimals yet lived on the land, but Eartht's oceans thf?i:iii)ifﬁ sals that can
contaned many species of fish, and some of those species fed on the plants and intierbreed with each
anirmals in shallow freshwater streams and swamps. other.
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fl?aleemologist;
A stientist who
studies fossils to
learn ahout anoicnt
QrUNISINS.

Paleontologists
searched this valley
i Mupavai, near the
Arétic Cirgle in-north
central Canada, for
fossils when they
learrved that it con-
tained sedimentary
rocks depositad dur-
ing the peried when
Hmbed anmimals were
first starting to live
on land. Fessils of
Tiktaalik were dis-
covered pn the dark
outcropping of rock
on the right side of
this photograph.

Paleontologists had previously found the fossils of some of these shallow-
water fighes. The bones in their {ins were sturdier and more complex than in
other fish species, perhaps allowing them to pull themselves through plant-
filted channels, and they had primitive lungs as well as gills. Paleontologists
had also found, in somewhat younger sediments, fossils of fishlike animals
that likely spent part of their time on fand. Known as early tetrapods (a
word referring to their four legs), they had modified front and back fins that
resembled primitive legs and othier features suited for life out of the water. But

paleontologists had not found fossils of the transitional animals between ghal-

Tow-water fishes and limbed animals.

The team that discovered the new fossil decided to focus on far northern
Canada when they noticed in a textbook that the region contained sedimentary
rock deposited about 375 million years ago, just when shallow-water fishes
were predicted by evolutionary ceience to be making the transition to land. The
teain had to travel for hours in planes and helicopters to reach the site, and they
coudd work for just a couple of months each sumnmer before snow began to fall.
In their fourth summer of fieldwaork they found what they had predicted they
would find. In an outcropping of rock on the side of a hill, they uncovered the
fossil of a creature that they named Tiktaalik. (The name means “big freshwater
fish” in the language of the Inuit of northern Canada.) Tiktaalik still had many
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Tictaalik ved during the
peried when freshwa-
1ar fHishes wiire evolving
the adaptations that
enabled four-legged

imals to live sut of
_ il otser modem wirapods anima )
{reptiles, birds, and mamemals— water. Tictas fik ey have
fhaluding hurrans) ' lived somewhat before

or somewhat after the
wheestral species that
gave fise to afl of today’s
firsbed arimals, Including
hymans. The svolution-
ary lineage that contained
Tiktaalik may have gone
extirgt, as shown in this
diagrar by the short line
Branching from the main
syciutiondry Bneags, &F
#t may have beah paft

of the.eviifutionary line
feading torall mbdern

o
@6‘@

of il tetrapads

tetgapids faninals with
|a&! common AnEestor Fouip 1608, The dastasi-
of bony Tigh wnd fetrapods mon ancester of humans

and all rodern fishes alse
gave rise to evelution-
ary lincages that led to
_ madern lobe-finned fishes
of the featues of fish, but it also had traits characteristic of early tetrapods. {represented today by
Most importart, its fins contained bones that formed a fimb-like appendage that  the costacanth). In this
+he animal could use to move and prop {teelf up. and sycaeédmg figures,
. _ L N . 4 N time is reprasented by the
A prediction from more than a century of findings from evolutionary biol-  |engths of the lines; most-
ogy suggests that one of the early species that emerged from the Earth's oceans  ern groups of organisms
about 375 million years ago was the ancestor of amphibians, reptiles, dino- are listedl at the 1op of
saurs, birds, and mammals. The discovery of Tiktaalik strongly supports that the figure.
prediction. {ndeed, the major bones in our GwWn arms and leps are similar in
overall configuration to those of Tiktaalik.
The discovery of Tiktaalik, while critically important for confirming predic-
tions of eyolution theary, isjust one example of the many findirigs made every
year that add depth and breadth to the scientific understanding of biological
eyolution. These discoveries come not just from paleontology but also from
physics, chemistry, astronomy, and Helds within biclogy. The theary ofevoly-
tion is supported by so many observations and experiments that the overwhelm-
ing majority of scientists no Tonger question whether evolution has cecutred and
continues to occur and instead investigate the processes of evolution. Scientists
are confident that the basic components of evolution will continue to be sup-
ported by new evidence, as they have been for the past 150 years.
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Biological evolution is the central
organizing principle of modern biclogy,

Eroeait: A piysical

The study of biological evolution Has sransformed our understanding of life

or b@&m{%f 4 ori this planet. Evojution provides:a scientific explanation for why there are so
s @mﬁﬁﬁ;‘f of many different kinds of organisms on Earth and how all organisms-on this plag-
1 OUgATSHL. et are part of an evolutonary finieagge. 1t demonsteates why some OrgATISTTS

FDNA: Dioxyribo-

that look guite different are in fact relafed, while other organisms that may look

vasdelc acid. A bidlog- similar are only distantly refated. It accounts for the appearance of humans oa
jual rplecutle composed  Barth and reveals onr species’ biological connections withotier living things. 1t
of subunits knewn details how different groups of hummems are related to each other and how we
as wiicleotides g accuired many of our traits. Tt enables fhe development of effective new ways
together 01 long cHGHES. ¢ oot urselves against constantly evolving bacters o yiro

The sequinees of these PIVILEE B AgAlIIot E e y evolving b gria anel ViFUSes. ‘
sclsotides cortain the Biotogical evolution refers to changes in the traits of organisms over oultiple
ﬁ@,mfgﬁ Fhatt cells generations. Undl the development of the science of genetics at the beginiing
sieed i order to grow, of the 20th century, biotagists did not anderstand the mechanisms responsible
sordivide tto daughter  for the inheritance of fraits from parents to offspring. The study of genetics
teils; and tomanifac-  ghowed that heritable teaits originate from the DNA that is passed from one
hite e profens. generation to the next. TINA contains segments called genes thar direct the pro-

votelns A -fmg{'

duction of proteins required for the growth and function of cells. Genes also
single-celled egginto a multicelhdlar organism.

miglecule consisting of archiestrate the development of a

o ¢l -of spaller mok- OINA s therefore responsible for the continuity of bislogical form and function
eciles cualled amino across generations.

acids, The sequenice However, offspring are not always exactly fike their parents. Most organ-
%’; :Zi?igc?fj ;:i jams in any species, induding frarmans, are genetically variable fo some extent.
dimensiona! ciructyre sexvally reproducing spectes, where sach parent contributes only one<half

deteriiing o prowein’s
specific funtction i

of its genetic information 1o its offspring (the offspring receives thie fufl amount

of gerietic information when a spes cell and an egg cell fuse), the DNA of the

cells or 0’“-5??371"'3‘!“5& two parents is combined in new ways in the offspring, In addition, DINA can
, . _ undergo changes Known as matations from one generation to the next, both in
[Mutation: A change sexually reproducing anc asexually reproducing organisms (such as bacteria).
i thie sequenee of N . & )
feleotides in DINA. When a mutation eccurs in the DINA of an organism, several things can
Stk chinges cant alter happen. The mutation may result Ln an altered tiait that harms the organism,
the strichire of pro- making it less likely to survive Or produce offspting than other urganisms in
tirts or the requintion.  the population to which it belongs. Another possibility is that the mutation
of protein production. makes no difference to the well-being or reproductive success of an ofgan-
Fpopulation: isi. Or the new mutation may result in a trait that enables.an organism to
A groipp of erganisis take better advantage of the resources in its environment, thereby enhancing

of the same species that
are i close enought
proximity ko allow
them fo {nberbreed §

its ability to survive and produce offspring. For example, a fish might appear’
with a small modification to its fins that enables it to move more easily through
shallow water (as occurred in the lineage {eading to Tikiaalik); an insect might
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acquire a different shade of calor that enables it to avoid being seen by preda-
tors; or a fly might have a difference in iis wing patierns or courtship behav-
iors that more successfully attracts mates.

[ & mutation increases the survivability of an organisi, that organism is like-
ly to have more offspring than other memibers of the population. If the offspring
inherit the mutation, the number of organisms with the advantageous trait will
increase from one generation to the next. [n this way, the trait — and the genetic
material {DNA) responsible for the trait — will tend 1o become more COMIMER
in a population of organisms over time. In contrast, OFgANISMS possessing a
harmful or deleterious mutation are less likely to.contribute their DNA to future
generations, and the trait resulting from the mutation will tend to become less
frequent or will be eliminated in a population. Evolution consists of changes in
the heritable traits of a population of organisms as successive generations replace
one another. Tt 5 populations of organisms tat euolve, rot individual organisme.

The differential reproductive success of Organisms with advantageous traits

is known as natural selection, because nature “selpcts” traits that enhance iNaﬁlrai selection:
the ability of organisms to survive and reproduce. Natural selection also ¢an Differential survival
feduce the prevalence of traits that diminish organisms’ abilities to survive and reproduction
- and reproduce. Artificial selection isa similar process, but in this case humans 9,f Wgﬁmﬁ@ o a
comseguenie of the

cather than the environment select for desirable traits by arranging for animals characteristics of the
or plants with those traits to breed. Artificial selection is the process responsible  envirominent.
for the develepment of varieties of domestic animals {e.g., breeds of dogs, cats,

and horses) and plants (e.g., roses, tulips, Cormn).

Evolution in Medicine: Combating New infectious Diseases

iinmediately, work began on a
bicod test to identify peopie with
the disease (so they could-be
quarandined), on treatments for
the disease; and on vacdnes to
prevent infection with the virus.
An-understanding of evalu-
tion was essential in the identi-
fication of the SARS virus. The
genetic material in-the virus
was stmilar to that of other
viruses because Tt had evolved
| from the same ancestor virus.,

6 babs Y PENTY e s
fn late 2002 several hundred

‘peaphe in China came down
with a severe form of pneu-
monia caused by an unknown
infectious agent. Dubbed
-4ggyare acute réspiratury syn-
drame;” or SARS, the disedse
soon spread to Vietnam, Hong.
#ony, and:Canada d@nd ledto
hundreds.of deaths. In March
2003 a team of researchers at
the University of California, 5an
Francisco, teceived samples of

a virus isolated from the tissues of a SARS patient. Eurthermore, knowledge of the evolutionary histery
Using & new technology known as a DNA micro- of the SARS virus gave scientists important informa-
array, within 24 hours the researchers had identi- tion about the disease, such as how it is spread.

fied the virus as & previeusly urikriown mermber of Knowing the evolutionary origins of Human patho-

& particutar family of viruses —a result confirmed gens will be-critical in the future as existing infectiots
by other researchers using different techhiques. agents evolve into new anhd mere dangerous forms.
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~ Evolution in Agriculture: The Domestication of Wheat

*Wihen Bumarns uniderstand a phenomenen that. wild wheat so that seeds remained on the plant
occirsin mature, they often gain Ingreased control when ripe and could easily be separated from thielr
sver lt.or can adapt it to neveuses. The domesti-- hulls, Over thie nest few millennia, people around
ﬁﬁﬁ@ﬂ of wheat sag ocod example, _ “the %@ﬁ;ﬁ[é.ﬂ&ﬁd*mm s @m&e@esof evatuiiem

By recoveringiseeds frofit dif- _apy change to tratisform many ather

wild planits and:animals into the
crops and domesticated animals -
v ely on today.

In-recent years, plant s¢i-
entists have begun making
hybrids of wheat with some
of their wild refatives from
the Middle East and else-
where. Using these hybrids,
they have bred wheat varieties

that are increasingly resistant
to droughts, heat, and pests.
Most receritly, molecular bielogists
have been identifying the genes in

terentuarchaeological sites and
froticing éhanges in thelr char
atteristics overihe centuries,
scipritists have hypothesized
how wiheat was aftérad by
hunans over time, About
11,000 years aga, people
i the Midstie East began
growing plarits for food
rather than relying entirely
on-the wild plants and ani-
mals they could gather or hunt.
These early farmers bagan sav-
ingy seedy from plants with pafticw

larly favorable traits and planting those the BNA of plants that are responsible for
sweds in the next growing season. Through this their advantageous traits so that these genescan
progess of “artificial selection,” they created a be fricorparated inte.othér crops. These advances
vatigty of crops with chiaracteristics particularly rely on an understanding of evolution to analyze

. syited for agriculture. Far axample, farmers the relatignships among plants and to search for
gver maiy generations modificd the traits of the traits that can be used to improve crops.

Coolution can resuli in both small

large changes in populations of organisms.

Evolutionary biologists have discovered structures, biochemical processes and
pathways, and behaviors that appear to have been highly conserved within
and across species. Some species have undergone little overt change in their
body structure over many millions of years, At the level of DNA, some genes
that control the production of biochemicals or chemical reactions that are
essential for cellular functioning show little variation across species that are
only distantly related. (See, for example, the DNA sequences for two ditferent
genes that are conserved in closely related as well as more distantly related
species that are described on pages 30 and 31.)

Howevet, natural selection also can have radically different evolutionary
effects over different imescales. Over periods of just a few generations (or,
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in some documented cases, evell a single generation), evalution produces
relatively small-scale microevolutionary changes in Organisms. For example, [Microevolution:
many disease-causing bacteria have been evolving increased resistance to anti- Changes in the taits

biolics. When a bacterium undetgoes a genetic change that increases its ability @f a-group of orgen-
isims Bt do wot result

in @ new species.

1o resist the effects of an antbiotic, that bacteriurn can survive and produce
more copies of itself while nonresistant bacteria are being killed. Bacteria that
cause tuberculosis, meningitis, staph infections, sexually fransmitted diseases,
and other illnesses have all become serious problems as they have developed
Jesistance to an increasing number of antibiotics. N 45,
Anctlier example of micrpevolutionary change comes from |
an experiment on the guppies that live in the Aripo River
‘on fhe istand of Trisidad, Guppies that live in the river are
eaten by a larger species of fish fhat eats both juveniles and
adults, while guppies that live in the small streams feeding
intes the river are eatent by a smaller fish that preys primarily
om snall juveniles, The guppies in the river mature faster, are
smaller, and give birth to more and simaller offspring than the
guppies i the streams do because guppies with these traits
are better dble to aveid their predator in the river than are
larger guppies. When guppies were taken from the river and
introduced into a siream without a preexisting population of
guppies, they evolyed traits like those of the stream guppies
within about 20 generations.

Incremental evolutionary changes can, over what are usually very long Studies of guppies in

. , , . . . . : Teinidad have demon-
eriods of time, give rise to new types of organisms, including new species.

P + B YE B 4 & P strated basic evolution-

The formation of a new species generally occurs whea one subgroup within a ary mechanisims.
species mates for an extended period largely within the subgroup. For exam-

ple, a subgroup may Become geographically separated from the rest of the

species, or a-subgroup may come to-use resources in a way that sety them apart

fromuother membets of the same species. A members of the subgroup mate

among themselves, they accrmmulate genetic differences compared with the rest

of the species. 1f this reproductive isolation continues for an extended period,

Qmeﬁaﬁ@'nﬁzpﬁ 1 milliofyears

IGeneration 1,000 Generations
f&é&g@a. i hourto 1 day 1,808 hours (42 days) to'27years 87 billion to 3704 millioh
CPets: dogieat  Zyears odbyeas . soepdt )
CWwmans  22yems . gZ0oyess o 45000
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| combers of the subgroup may no longer respond to court-
ship or other signals from members of the original population.
Evertually, genetic changes will become so substantial that the
memmbers of diffetent subgroups can no longer produce viable
olfspring even i they do mate. In this way, existing species
can continually “Bud off” new spegies.

Over very long periods of time, continued instances of
speciation can produce prganisms that are very different from
their ancestors. Thotgh each new species resembles the species
. from which it arose, a succession of new species can diverge
more and more from an ancestral form. This divergence from
an ancestral form can be especially dramatic when an evolu-
| tionary change enables a group of organisms to occupy & new
habitat or make use of resources in a novel way.

Consider, for example, the continued evolution of the tet-
Whe tetrapuds (such rapods after lipbed animals began living on land. As new species of plants
ssthis sep turtle lying  evslved and covered the Earth, new species of fefrapods appeared with features

;i:giii@:i Z_fj'éhi% ftat enabiled them to take advantage of thiese new envirpaments. The early tetra-
ity to lay hard-shelled pods were amphibians that spent part of their lives oit land but continued o Tay
&ggs, they no longer their eggs in the water orin moist environments, The evolution about 340-million
haid to return £ the years ago of amniotic eggs, which have structures such as hard or leathery shells

water to reprotuce.

o

The last cormion ances- @tv@ 6@9 \@if“cp Qﬁw

&@ife@
tor of the four-legged ..
animals living tosday \ .
gave rise to amphibiats

lastoommon
anid was the predeces- ancastor of all
sor-of reptiles, Birds and monkays and 2pes
mammals evaived from
different lineages of
andent reptiles.
® 55t common ancestor
of alt tetrapods
8 SCTENCE. EVOLUTION, AND CREATIONISM
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Evolution in industry: Putting Na:@ur&l Selection to Work

“The concept of ratural selection has been

Jpliediininany fieldsoutside biofogy. For

- Example; chemi < have-applied principles of
“patural seffiction to develop neve piblecales
withy-specific furictions.  First they create.
variants of ari-eXisting molecule using chemi-
¢al technigues. They then test the variants
for the-desired function. The variants that
do the best job are used to generate new
variants, Repeated rounds of this selection

" precess resuft in moleciies that have a greatly
énhanced ability to parform a given task.
This techrigque has been used to create new
éhzymies that cap convert cornstalks and

other agricuttutal wastes into ethanol with
increased efficiency. '

and additional membranes that allow developing embryos to surv ive in dry
environments, was one of the key developments in the evolution of the reptiles.

The early reptiles split inta several major lineages. One lineage led to
reptiles, including dinosaurs, and also to birds. Another lineage gave rise to
mammals between 200 million and 250.m illion years ago.

The evolutionary transition from reptiles to mammals is particularly well
docamented in the fossil tecosd. Guccessive fossil forms tend to have larger
brains and more specialized sense 0rgans, jaws and teetlt adapted for mare
efficient chewing and eating, a gradual movement of the limbs from the sides
of the body to unider the body, and a female reproductive tract increasingly
able to support the internal development and nourishment of young. Many of
the biological novelties seen in mammals may be associated with the evolution
of warmi-bloodedness, which enabled a more active lifestyle over a much larger
range of temperatures than in the cold-blooded reptilian ancestors.

Then, between 60 million and 80 miillion years ago, a group of mammals
kniown as the primates first appeared in the fossil record. These mammals
had grasping hands and feet, frontally directed eyes, and even targer and
more complex brains. This is the lineage from which ancient and then modern
hrumans evolved.

SCIENCE, EVOLUTION, AND CREATIONISM 9
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Scientists seek explanations of natural
phenomena based on empirical evidence.

Advances in the understanding of evolution over the past two centuries
provide a superl example of how science works. Scientific knowledge and
understanding accamulate from the interplay of ebservation and explanation.
Scienfists gather information by observing the natural world amd conducting
experiments. They then propase how the systerns being studied behave in
general, basing their explanations on the data provided through their experi-
ments and other observations. They test thelr ex planations by conducting
additional observations and experiments under different conditions. Other
scientists confirm the observations independently and carry out additional
studies that may lead to more s0p Iisticated explanations and predictions
about futare observations and experiments. In these ways, scientists contini-
ally arcive at mote acaluste and more comprehensive explanations of particu-
lar aspects of nature.

Titsefence; explanations must be bised on naturally occurring phenomena.
Matural causes are, in principle; reproducible and thereforetan be checked
independently by others. If explanations are based on purported forces that
are putside of nature, scientists have no way of either confirming, or disprov-
ing those explanations. Any scientific explanation has to be testable — there
must be possible observatio nal consequences that could support the idea
but also ones Ehat could refule if. Unless a propused explanation is framed ina
way that sorme observational evidence could potentially count against it, that
explanation cannat be subjected to scientific testing,

Because pbservations and explanations build en each other, science is a
ceimulative activity. Repeatable observations and experimerits generate expla-
ations that describe niature more accurately and comprehensively, and ihese
explanations in turn suggest new observations and experiments that can be
used to test and extend the explanation. In this way, the sophistication and
scope of scientific explanations improve over time, as subsequent generations
of scientists, often using technological innovations, work to correct, refine, and
extend the work done by their predecessors.
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Is Evolution a Theory or a Fact?

it is both. But that answer requires toaking more
deeply atthe meatings of the words “theory”
and *facty”
Ineveryday wsage, “theory” often fefers £o
- hurigh-or a spesulation, Wher people say "k
 Have atfedry about why that happened,” they
-aa{g-ﬁfﬁgéﬂiidi%ﬁ’hé?a cotictusion based o frag-
mertary or inconcludive evidence.

The formal scientific definifion withesry is
quite different from the everyday meaning of
the word. it refers to a comprehensive explaha-
tion of some aspect of nature that is supported
by a vast body of evidence.

" Many scientific theoties are so well gstab-
lished that no rew evidence is Hkely to alter
them substantially. For exa miple, ng new.evi-
derice will deimonstrate that the Eatth does
notorhit around the Sun {heliocenttic théory),
or that living fhings ave ot mide of cell(cell-
thesiry), that matter is not composed of atoms,
oF that thesurface of the Earth isnot d ivided
inta-solid plates that have moved avet geologh
cal timescales (the theory of plate tectonics).
Like these other foundational scientific theo-
ries, the theory of evolution is supported by 5o
riany observations and canfirming expefiments
that scierftists are confident that the basic com-
pongnts.of the theory wilt not be overturned
by new evidence. Howevel, ltke all scientific
theofies, the theory of evblutien is subject 1o
centinuing refinement as new areas of science
_emerge or as new technologies enable obser-

vatians and experiments that were not possibla
previously.
one of the most useful properties of scientific
thieatias st they can be-tised to make predic-
~ events-orphenomena thathave

grawitation dicted t e’ﬁ{eﬁ“ﬁsf‘ibr';‘éﬁﬁbf‘ectg:eo’{t the
Moon and other planets long before the actiyities
of spatecraft ahd astronauts confirmed them. The
evolutionary blologists who discovered Tiktaslik
{see page 2) predicted that they would find fossils
intermediate between fish and limbed terrestrial
animals in sediments that were about 375 million
years old. Their discovery confirmed the pradiction
macte-onithe basis of evolutionary theory. In tarn,
confirmation of a prediction increases confidence in
that theory.

I sciehice, a "fagt” typically fefers to-an -obser-
vation, measurement, of other form.of evidente
fhatican be-expedted Lo occur the same way under
shmilar circumstances. However, scientists also use
the term “fact” toreferto a scientific explanation
that has been tested and renfirmedso many timss
that there is no lorger a compelling reason to keep
testing it or looking for additional examples. In
that respect, the past and:continuing occurrence af
éyolution:is a scientific fact, Because the-evidence

notyet been abserved, For example, the theory of
o

supperting itis so- stegng, scientists no langer ques-

tion whether bislogical evelution hasaccurred and
is continuing to-ooour. instead; tliey investigate the
mechanisms of evolution, how rapidly evolution can
take place, and refated questions.

11 science it is not possible to prove with absalute certainty that a given
explanation is complete and final. Some of the explanations advanced by sci-
entists turn out to be incorrect when they are tested by further observations or
experiments. New instruments may make observations possible that reveal

the inadequacy of an existing explanation. N

ew ideas can lead to explana-

tHons that reveal the incompleteness or deficiencies of previous explanations.
Many scientific ideas that once were accepted are now known to be inaccurate

or o apply only within a limited domain.
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Acceptance of the evidence,

cast be co

However, many scientific explanations have been so thoroughly tested
that they are very unlikely to change in substantial ways as new observations
are made or new experiments are analyzed. These explanations are accepted
by scientists as being true and factual descriptions of the natural world. The
atomic structure of matter, the genetic basis of heredity, the circulation ot blood,
gravitation and planetary motion, and the process of biological evalution by
autural selection are just a few examples of a very Targe number of scientific
explanations that have been overwhelmingly substaritiated.

Seience is nat the ouly way of knowing and understanding. But science &4
way of kenowing that differs from other wiys it its dependence on empirical goidence
and testable explanations. Decause biological evelution accounts for events
that are-alsa central concerns of religion - including the origins of biotogical
diversity and especially the origins of humans — evolution has been a conten-
lious idea within society since it was first articulsted by Charles Darwin and
Alfred Russel Wallace trv 1858

evolution
eligious faith.

patible with

Today, many religious denominations accept that biological evolution has
produced the diversity of Hving things over pillions of years of Earth's his-
tory. Many have issued statements observing that evolution and the tenets of
their faiths are compatible. Scientists and theologians have written eloguently
about their awe and wonder at the history of the universe and of life on this
planet, explaining that they see ho conflict between their faith in God and the
evidence for evolution, Religious denominations that do not accept the occur
rence of evolution tend to be these that believe in stricily literal in terpretations
of religious texts.

Science and religion are based on different aspects of human experience.
In science, explanations must be based on evidence drawn from examining the
natural woeld. Scientificatly based abservations or experiments that condlict
with an explanation eventually must lead to modification or even abandon-
ment of that explanation. Religious faith, in contrast, does not depend only
on empirical evidence, {s not cessarily modified in the fage of conflicking
evidence, and typically involves supernatural forces or entities. Because they
are not a part of nattre, supernatural entities cannot be investigated by sci-
erce. In this sense, scierice and religion are separate and address aspects of
human understanding in different ways. Attempts to pit science and religion
against each other create controversy where none needs to exist.

12 SCLENCE, EVOLUTION, AND CREATIONIEM
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e Many :z’e}"ig;ifﬁus_demmmtioﬁs and individual religious leaders have issued
statemenits acknowledging the occurrence of evolutionand pointing out
that evolution and faith do not conflict '
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4 the undersigned, Chistian:clergy fiom many different |
, believe that the timeless Hiithsf the Bible and:
comfortably coexist.

S

" ¢al thought and«that thifailure to fully & oy frisa
< pejection of the will of-our Creater. . .. We'urge schiool board
. mmemibers-to preserve the integrity of the sclence curriculunt
by affirming the teaching of the theory of evolutior-as a
- gore componentof himanknowledge. We ask that seience
remain sciénce and thatreligion reinain refigion, two very
“ditferent, But complementary, forms of #isth.”

employ this giftisa

- The Clergy Letter Project” siged by more than 10,000 |
Chiistian clesgy members. For additional information, see
[ wwW-.‘i:»uﬂ@r@dﬁfﬁeWﬁ{ckﬁ;ﬁg@mj@étkmi
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Sc&?@mﬁ%{sﬁk&pé@w&m@&m professions, holda wide range of positions about

religion and the sole of supesnatural forces ot entities-in the universe. Seme adhere
fo-a position known as scientism, witich holds that thie methods of science alone are
sufficient for discovering everything there is 1o know about the universe. Others
ascribe to an idea known as deism, which posits that God created all things and set
fhe universe in motion but no lenger aetively digectsipliysical phenomena. Others
ate theists, whe believe that God actively intervenes.in the-world. Many scientists
whabelieve in God, either as a prife TROveR or 85 anactive forte inthe eniverse,

ERL I have written eloguently about their beliefs.
W Creativnists inevitablyslaokfor God U wihdt sciénge
hasnot yet explaired or i what they claim science
cannot explain. Most stientists who-are feligious
fﬁ@%ﬁg&pﬁgﬁi’ Wit f%%ff:vés?e?i}:%f;ﬁés;aﬁﬂgr@ialﬁ@ﬁ-aﬁd:;

B vl

it Religion, @0 ot ‘
‘view availabli at litp:/fwwwactonbibscience.
ot fevglution/miller . |

i s Boak, The Lingiuagodf God:
st Vresties Boidenee for .
: Lé);‘.ﬁf ;. ",
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CHAPTER TWO

THE EVIDENCE
FOR BIOLOGICAL
EVOLUTION

Many kinds of evidence have contributed to scientific understanding of
biological evotution. Some of this evidence — such as the fossils of fong-
extinct animals and the geographical distribrution of spedies —wins familiar
to scientists in the 19th century or earlier. Other forms of evidence — such as
comparisons of DNA sequences — became available only in the 20th and
21st centuries:

The evidence for evolution comes not just from the biological sciences but
also from both historieal and modern research in anthropology, astrophys-
ics, chemistry, geology, physics, mathematics, and other scientific disciplines,

incinding the behavierat.and sacial sciences. Astrophysics and geology have

demnonstrated that the Earth is old enough for biological evolution to have
resulted in the species seen today. Physics and chemistry have led © dating

‘methods that have established the timing of key evolutionary events. Studies

of other species have revealed not only the physical but also the behavioral con-
tinuities among species. Anthropology has provided new insights into human
origins and the interactions between biology and cultural factors in shaping
human behaviors and social systems.

As in every active area of science, many questions remain undanswered.
Biclogists continue to study the evolutionary relationships among organisms,

SCIENCE, EVOLUTION, AND CREATIONISM. 17
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the genetic changes that affect the form and function of organisms, the effects
of organisms on Earth’s physical envirorunent, the evolution of intelligence
amd social behaviors, and many other fascinating subjects. But in each case
they are asking specific questions to learn risore about fow, not whether,
evolution has occurred and is continuing o occur. They are investigating and
further-elucidating the mechanisms that produce evolutionary change and the
comsequences of that change.

Biotogical evolution is part of a compelling historical narrative that scien-
ists have constricted over the last few centuries. The nasgrative begins with
the formation of the universe, the solar system, and the Earth, which resulted
i1 the conditions necessary for life to evolve. While many questions remain
about the origins of life orl this planet, the appearance of life set in motion a
process of bislogical evolution fhiat comdiitues to this day: Today, new chapters
i the narcative are being wncovered through the stody of the genelic processes
responsible for evolutionary change.

of the universe, our gal

solar system produced the conditions necessasy

for

e cvolution of tife on Earth.

The picture of Earth’s place in the cosmes chianged as much in the 20th century
as it did in the T6th and 17th centuries following Copernicus’s then controver-
sial suggestion that the Sun, not the Barth, was at the center of the known uni-
verse, In the 1920s a new telescope at the Mount Wilson Observatory vutside
Las Angeles revealed that many of the faint smudges of light scattered across
the raght sky are not nebulae within our own Milky Way galaxy. Rather, they
are separate galaxies, each contairiing many billions of stars. By studying the
tight emitted by these stars, asteophysicists arrived at another remarkable con-
clusion: The galaxies are receding from sach other in every direction, which
inplies fhat the universe is expan ding.

“This observation led to the fypothesis first praposed by the Belgian astron-
omer and Roman Catholic priest Georges Letaftre that the universe originated
in an event known as the “Big Bang.” According o this idea, all of the energy
and matter in the universe initially were compressed into an infinitesimally
small, infinitely dense, and infinitely hot object known as a singularity, about
which scientists still know very little. The universe then began to expand. As
it did, the universe cooled to the point that the elementary particles that today
form the matter of the universe became stable. The occurrence of the Big Bang,
and the time that has elapsed since then, implied that matter in deep space
should be at a particular termperature —a prediction confirmed by gro und-

18 SCIENCE, FVOLUTION, AND CREATIONISM
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based microwave radio telescopes. Later observations with satellites showed

and other objects (such as moons and astercids) crbiting

that the background radiation in the universe has exactly the properties that
would be predicted from the Big Bang.

As the universe expanded, the matter in it gathered, by way of gravity and
other-processes that are not yet fulty understood, into immense structures that
became galaxies. Within these structures, much smaller clumps of matter col-
lapsed into whirling ctouds of gas and dust. When the matter in the center of
an individual cloud became sufficiently compressed by gravity, the hydrogen
atoms in that cloud began to fuse into helium atoms, giving off visible light
and ofher radiation — the origin of a star.

Astrophysicists also have found that some stars form in the middle of a flat-
tened spirming disk of matter. The gas and dust within such disks can aggre-
gate into small grains, and these grains can form larger
bodies called planetesimals, Computer simulations have
indicated that planetesimals can coalesce into planets

astar. Our own solar system is likely to have formed in
this way, and careful measurements have detected large
planets orbiting stars in other parts of the Milky Way.
These findings imply that billions of planets are orbiting
the many billions of stars in our galaxy.

Astrophysicists and geologists have developed a
variety of ways to measure the ages of the universe, our
galaxy, the solar system, and the Earth. By measuring

SCIENCE. EVOLUTION, AND CREATIONISM 19
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For ten consecutive
days, the Mubble
Space Telescope
focused on a small
patch of sky near the
Big Dipper, revealing
hundreds of galaxies
never seen before,

A dark disk of dust
and gas bisects a
glowing star in this
photograph from

the Hubble Spate
Telescope, Such disks
appear to provide the
raw rnaterials for the
formation of plane-
tesimals that combire
to form planets and
other orbiting bodies,
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the distances between galaxies and the speeds with which they are separat-
ing, astronomers can calealate how much time has passed since the Big Bang,.
Increasingly accurate ways of measuring these guantities indicate that the
universe is approximately 14 billion years old. Another way 1o estimate the
universe’s age, using measurements of the background radiation feft behind
by the Big Bang, produces similar resuits. Other observations and calculations
suggest that our galaxy began to form a few hundred million years after the
Big Bang, so the Milky Way is almost as old as the universe itself.

Our solar system formed within the Milky Way more recently. Measurements
of radivactive elements in meteorites, which are the remnanis of the materials
that formed the solar system, indicate that our planet formed between 4.5
pillion and 4.6 billion years ago. Asteroids and comets bombarded Earth after
it formed, repeatedly mefting the surface. Recent calculations show that one of

Radiometric Dating

According to modern casmology, the particles that Some atoms are radio- gNaciicie: A atom
goiistitute ordinary matter {protons, heutron, and  active, meaning that they  witha pitrticular
electrons) formed when the universe cooled after naturally decay into other  punber of profons
theBig Bang. These particles thencametogether  wragicactive and nonradio-  andigreutrons B s

to-form-hydrogen atoms, Helium atoms, and small attive gtomg by gmitting:  publeys. An elenut
“amountsiof the next heavier elernent in the peri-  stbatoimic particles and 1 dgfined by the '
adic tabley ithfuni. ' siiery; - Bach radioactive arsber of protons
Al the other glements in the universe wers puchiderhas a characterds- i ifs miclens.

formiad inside stars like the Sun and insite tic half-life, which is the Wdlides that o
exploding stars kKnowr as supernovas. Through amount of time it takes the satie momber of
the addition of neutrons to lighter efements, for half of the stoms ina  profons but different
nuiclear rsactions produced heavier glerents. sample to decay. Radio- numbers of neutrons
Sypernovas dispersed thess elements into Inter- active atoms therefore are isotopes of that
stellarspace. Mixed with the hydroegen, helium, act as internal clocks for element..,

and fithitm from the Big Bang, these elements materials, By comiparing

formed-our salar system. the amount-of a radicac-

tive element in a material to the amount of its
deécay product, researchers can determine when
the material formed. These measurements have
yilded ages for the Earth, the Moon, meteor-
ites, anid the salar system. Ali of these measure-
ments indicate that these objects are billions of
years old.

somie who oppose the teaching of evolution
try to cast doubt on radigmetric age measure-
ments. Radiamettic dating isthe product of
niare than acentury of ingen fous research and
represents one.of the most wellsubstantiated
achieverrients of moderri science.
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fhe objects to hit Barth was 50 large — abeut the size of Mars — that it splashed
material into Farth’s erbit that coalesced fo form the Moon. The cldest rocks
brovght back from the Moon have ages measured to be 4.4 Billion to 4.5 billion
years. The oldest solid materials found on Earth are zircon crystals that formed
44 billion vears ago. Rocks older than 3.3 billion years have been found on all
the Earth’s confinents.

Living things appeared in the first billion
years of Earth's history.

Evidence from the most ancient fossils reveals that life has existed on Earth
for most of our planet’s history. Paleontologists working in Western Australia
have discovered layered rocks known as stromatolites that appear to have
cesulted from the actions of bacteria at least 3.4 billion years
ago, and fossils of cyanobacteria (also known as blue-green
algae) have been deterpyined to be nearly 3.5 billion years
old. Other chemical evidence suggests that life may have
ariginated much earlier, withina few hundred million years
of when Earth’s surface finally cooled.

Figuring out how life began i both an exciting and
a challenging scientific problem. Mo fossil evidence
of life forms older than 3.5 billion years has yet been
found. Re-creating conditions that led to those car-
liest arganisms is difficult because much remains
unknown about the chemical and physical charac-
teristics of theearly Earth. Nevertheless, researchers
giav_é beeaa developing hypmﬁes@s of how seﬁw-ri%pﬁmitw orgarisms (inset) closely
ingrorganisms could form and begin to-evolve, and they reserrblethe structures
have tested the plausibility of these fypotheses in laboratories. formed by some of
While none of these hypotheses has yet achieved consensus, some progress has Earth's earliest fiving
been made on these fundamental questions. things.

Gince the 1950s hundreds of laboratory experiments have shown that Barths
simplest chernical compounds, including water and volcanic gases, could have
reacted to form many of the molecular building blocks of life, including the mol-
ecules that make up proteins, DNA, and cell membranes. Meteorites from outer
space alse Contain some of these chemical building blocks, and astronomers
wsing radio telescapes bave found many of these molecules in interstellar space.

For life to begin, three conditions had to be met. First, groups of molecules
that could reproduce themselves had to came together. Second, copies of these
molecular assemiblages had to exhibit variation, 50 that seme were better able

Motlern stromatolites

formed by single-celied
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1o take advantage of respusces and withstand challenges in the envirotument.
Third, the variations had to be heritable, 50 that some variaes wordd Increase
i narviber nnder favorable eny ironmental congditions.
No one yet knows which combination of molecules first met these condi-
tions, but researchers have shown how this process might have worked by
ﬁﬁ?ﬁ Av Ribonucleic  stadying a malecule known as BNA. Researchers recently discovered that
piid. Amioleeite some RNA molecules ean greatly increase the rate of specific chemical reactions,
;f;fﬁ giﬁ?éﬁ’i@ including the replication of parts of other RN A molecules, If a molecule like
tide sibsnits strang RIA could reproduce itsell {perhaps with the assistarce of other molecules),
together in cliins. it could form the basig for a very sirnple living organism. 1f such self-replica-
RNA seroes a pumber tors were packaged within chemical vesicles ot tnembranes, they might have
of celfulay furctions, formed “protocells” —early Versions of very simpe cells. Changes in these
icluding providing @ pnolecuiles could lead to variants that, for example; replicated more efficiently in
teniplate for thesyn- o particular environment. [n this way, natural selection would begin t operate,
thesis of proicing and  eoting opporiunities for prote elis that had advantageous 0 dlecular innova-
catalyzing certain b x g: pportur PO ells ad advantageous molecular iinova
cherionl 1EACHONS. Hons fo increase in complexity.
' Constructing a plansible hy pothesis of life’s origins will vequire that many
guestions be answered. Scentists who-study the ogigin of life do not yet know
swhich sets of chemicals coulid have pegurt replicating themselves. Byen if & liv-
ing cell could be made i the laboratory from simpler chemigals, it would not
prove that nature followed the same pathway biflions of years ago on the early
Earth. But the principles underlying life’s chernical origing, as well as plau-
sible chermical detafls of the process, are subject to scientific investigation in the
same ways that all other natural phenomena are. The history of science shows
that even very difficult questions such as how life originated may become
agnenzble to solution as & result of advances in theory, the devetopment of netv
instrumentation, and the discovery of new facts.

The fossil record provides extensive gvidence
docunsenting the occurvence of evolition.

Farly in the 19th century, naturalists obgerved that fossils occur in a particular

f Sedimentary: order in layers of sedimentary cock. Older materials are deposited more-deeply
Rocks formed of and thus lie closer to the battom of sedimentary rock than Tmore recently depos-
particles degv&i bed ited sediments, although older rocks can sometimes lie above younger rocks

zﬁ giﬁef" wird, where large upheavals in the Earth’s crusthave taken place.

Fossils that closely resemble contemporary organisims appear in relatively
young sediments, while fossils that only distantly resemble contemporary
organisms occur in older sediments. Based on these ebservations, many
i naturalists, ncluding Charles Da rwin’s grandfathies, proposed that organisms
‘ fiad changed over time. But Darwin and Alfred Russel Wallace were the first
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o identify natural selection as the driving force behind evolution, or what
Darwin termed “descent with modification.”

When Darwin published On the Origin of Species in 1859, paleo ntology was
still a rudimertary science. Sedimentary rocks from many time periads were
unknown or had been inadequately stucied. Darwin spent almost 20 years
gathering evidence that supported his idea before making it public, but he
also carefully considered evidential problems for his view, such as the inad-

equacy of the fossil record A nigar cornplite skel-
and the rarity of intermedi- eton of a transitional
ate forms between some bivchBke: fossil that was

discoversd in China

major groups of DIEATISMS and reported in 2006,

gt that time.

In the ceniury and a half
since fhen, paleortologists
have found many inferme-
diate forms that were not
known in Darwin's ime.

T a variety of locations,
sedimentary rocks that are
between 540 million and

35 million years old eontain
traces of soft-bodied multi-
cellular organisgs, and fossilized tracks in earlier sediments hint at the existence
of wormlike creatures as long ago as 1 billion years. Some of these organisms
ave likely o be the intermediate forms between the single-celled orgamsms that
were Bartl'’s sole inhiabitants for the first 2 or more billion years of life’s history
ard-the hard-bodied erganisms that appear in abundance in the fossil record
begiuning about 540 million years ago. Similarly, many of the-organisos that
appeared during this period were transi tional forms between eailier soft-bodied
ﬂrgamsms and major evolutionary lineages such as the fishes, arthropods, and
moltusks that have survived to the present day.

As described at the beginning of this document, Tiktaalik is a notable transi-
tional form between fish and the early tetrapods that lived on land. Fossils from
about 330 million years ago document the evoluiion of large amphibians from
the early tetrapods. Well-preserved skeletons from rocks that are 230 million
years old show dinosaurs evolving from a lineage of reptiles. A long-standing
example of a transitional form is Archacopteryx, a 155-million-year-old fossil that
has the skeleton of a small dinosaur but also feathers.and wings. Mere birdlike
fossils from China that are about 110 million years old have smaller tails and
clawed appendages. In the more recent fossil record, the evolutionary paths of
marny moders OTRATSMS, such as whales, elephants, armadillos, horses, and
Humans, have been wmeovered.
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Conmmon structuves and b ehaviors often demonstraie
that species have evolved from cominon ancestors.

Each species that lives on Barth today is the product of an evolutionary lineage
— that ig, it arose from a preexisting species, which itself arose from a preexist-
ing species, and so on back through time. For any two species living today,
their evolationary lineages can be traced back in time until the two lineages
infersect. At that intersection is the spe-
cies fhat was the most recent cormmon
ancestral species of the two modern spe-
cies. (Sometimes, this common ancestral
~species is referred 10 as the common
aricestor, but this term gefers to a group of
organisms rather than to a single ances-
 tor) For example, the comman ancestor
of humans and chimpanzees was a spe-
| cies estimated to have lived 6 to 7 million
years ago, wheteas the COMMon ances-
tor of humans and the puffer fish was
an ancient fish that lived in the Earth’s
oceans more than 400 million years ago.
Thus, hutans are not desceruled from
chimpanzees or from any other ape living
Modern chimpanzees,  foday bul from a species thal no lorger exists. Nor are humans descended from
Eiﬁ?:iﬂﬁ;i:zd the species of fish that live today but, ather, from the species of fish that gave
froma common rise to the early tetrapods.
ancestor that is now tf the common ancestor of two species lived relatively recently, those twa
extinct. species are likely to have more physical features and behaviors in common
than two species with a more distant common ancestor. Humans are thus
far more similar to chimps than they are to fish. Nevertheless, all organisms
share some common traits because they all share COnunOnN ancestors at some
point in the past. For example, based on accumuiating fossil and molecular
evidence, the commmon ancestor of humans, cows, whales, and bats was likely a
small mammal that lived about 100 million years ago. The descendtants of that
camunen ancestor have undergone major changes, but their skeletons remain
strikingly similar. A person writes, a cow walks, a whale swims, and a bat flies
with structares built of bones that are different in detail but similar in general
siructure and relation to each other.
Evolutionary biologists call similar structures that derive from common
ancestry “homologies.” Comparative anatomists investigate such homologies,
not only in bone structure but also in other parts of the body, and work out
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Tha last commeon ancas

&@? o tor of ali morkeys and
Q@pﬂ@ @é&‘\ \&& 6&}0@ apes Hived about 40 mik-
L - ; fion years age. Proconsul
g® o \‘5‘6@@ was a species that lved

about 17 million years

‘ ago. The most rezent

;‘i}mﬁ“f species ancestral to both

ki hurans and chimpan-
zees lived 6 to 7 million

years ago.

. st commi ancestor
of all-monkeys and apes

evolutionary relationships from degrees of similarity. Using the same logic,
other biologists examine similavities in the functions of different organs, in the
development of embryos, or in behaviors among different kinds of organisms.  Though dolphins

These mvestigations provide evidence about the evolutionary pathways that “iﬁz;fe ‘”‘:?re closely
. To oy e do L . refated to humans
connect today’s organisms o their common AnCestors. Hypotheses based on than they are 1o

this evidence then can be tested by examining the fossil record. sharks {right), they
Sometimes, separate lineages independently evolve similar features, known ~ have evolved bodies
as “analogous” structures, which look like homologies but result from common  édapred o o ?2‘“?:‘5
5 . . i et i : o — environment, Thisi
environments rathier than-commion ancestry. For example, dolphins are Aquatic  n axample of analo-
minmmals that have evolved from terrestr jal marnmals over the past 56 midllion gous structures,

L e

L e T
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The beies in the fore-
liriths of terrastiial and
some aguatic verte-
brates are reriarkably
similar becsuse they
haye 4l evolved from
the Forelinibs of a com-
maon antestor Thisds an
example of Komologous
structures,

years. In evolugionary terms, dotphins are as distant from fish as are niice

or humans. But'they have evolved streamlined botlies that closely resemble
the bodies of fish, sharks, and even extinet dinosaurs knpwn as ichthyosaurs,
These kinds of evidence from many different fields of biology allow evelution-
ary biolagists to discern whether physical and behavioral similarities are the
product of comumon descent or are independent responses to similar erviron-
mental challenges.

Evolution accounts for the geographic
distribution of mony plants and arimals.

The volcanic birth of
the Hawaiian Isisnds
in the Pacific Otean
-owet 2,000 miles from
the nearest continent
altowed one or a simall
riumber-of windblown
drosophilid flies such
a8 the exarnple pic-
tured to evolve into
mare than 500 specias
in the lands’ specis-
Jzed envirenments.
This rampant specia-
tion was made pos-
siple in part because
wyany of the gnviron-
rherds i which they
evelved were largely
frea of insect competi-
tors and predators.

The diversity of life is almost umimaginable. Many millions of species live on,

in, and above the Earth, each occupying its own ecological setting or niche.

Some species, such as humans, dogs, and rats, can live in a wide range of envi-

ronments. Others are extremely specialized, One species of a fungus grows

exclusively on the rear portion of the covering on the wings of a single species
e of beetle that is found only

in some caves in southern

! France. The larvae of the

fly Drasophila carcinophila

¢can develop ondy in special-

ized grooves beneath the

tlaps of the third pair of oral

appendages of a land crab

that is found solely on certain

islands in the Caribbean.

The occurrence of bivlogi-
cal evolution both explains
this diversity and accounts
for its distribution. Consider,
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foe example, the drosoph {fid Higs of the Hawaiian Islands. Niare than 500
species of flies belonging 1o the genera Prosophila and the ¢losely related
Seaplony exist only in Hawait. These Hawaiian species comprise about a
quarter of sll the species in these genera worldwide, and faranpre species than
are found in o shinifar-sized area atiywhere else on farth: Why do so many dif-
feent kinds of flies live exclusively in Hawaii?
The geological and biological history of Ttawaii provides an answer. The
Hawaiian Istands consist of the tops of mid-ocean volcanoes and have never
been conriected to any body of land. The islands formed as the Pacific tectonic
plate moved over & “hot spot” where upwelling motten rock from the Earth’s
iniferior heats the Barthy's erust. The rewest islands are the tallest, while older
islands progressively erode arid eventually sink beneath the water. Thus, the
oldest landmass ir the chain, Kure Atoll, rose from the Pacificabout 30 mil-
lion years ago, while the yoimgest, the “Big Kland” of Hawaii, is ordy about
50,000 years old and still has considerable ongaing volcanic actvity.
All of the native planits and animals of the Hawaiian Islands — that is,
those existing on the islands before the arrival of humans 1,200 to 1,600 years
ago — are descended from erganisms that made their way through the air or
the water from the surcousding continents ane from distant islangds to the ini-
tially batren islands. T the case of the Hawaitan dresophilids, several ines of
evidence, especially from DNA, indicate that all of the pative Drosophili and
Seaptomyma species are descended from a single ancestral species that cdlonized
thie glands milliong of years-ago.
These initial coloaizers encountered conditions fivat were very favorable
to rapid speciation. Individual species repeatedly served as ancestors for gs_peciatimm The
ultiple other species as groups of flies occupied habitats with different cleva.  evolittionary processes
tions, precipitation, soils, and plants. In addition, small groups of flies - or through which Kew
in some cases perhaps a single fertilized female — periodically flew or were fﬂt?fjfﬁfmeﬁ o
: P g Telae Tt
carried to ether isfands, where they gave rise to new species, Many new spe- e
cies were able to oceupy ecological niches that on the continents already would
have been filled by other species. For example, many Hawaiian drosophilids
lay eggs in decaying leaves on the ground, an ecological niche that is filled by
insects and other organisms on the continents but in the Hawaitan Islands was
almost emnpty.
The mammals that have lived in North and South America provide another
good example of how evolution accounts for the distribution of species. These
two continents were connected as part of 8 much larger landmass during the
early evolution of the mammals. But the breakup of that landmass caused
Worth and South America to separate, after which their respective mammals
avolved indifferent directioms: The ma mmals that evolved n Botith Anerica
include such madernsday groups as anteaters, sloths, opessums, and arimadil-
Jors, atcording to the fossil vecord. In North America, horses, bats, welves, and
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Wheri tectonic
forées joinedl North
ahid Seuth Arnerica,
wisenvials that had
evslieed in Sotth
Arperica, suchs the
armadilis, migrated
rmeth.

olecular biol

the saber-toothed cat were among the many species that evolved. Then, about
3 million years ago, North and South America were reconnected s a conse-
quence of the movement of the Barth’s tectonic plates. Mammals of South
American origin, such as armadillos, porcupines, and opossums, migrated
north. Meanwhile, many kinds of North Arnerican maimmals, inctuding deer,
raccoons, mountain lions, bears, and dogs, eventually made their way across
the isthrus to the south.

has confirmed and extended

the conclusions about evolution drawn from

s of epidence.

Charles Darwin and other 19th-century biologists arrived at their conclusions
despite knowing almost nothing about the molecular basis of life. Since then,
the ability to examine biological molecules in detail has provided an entirelty
new form of evidence about the mechanisras and historical pathways of evolu-
ibn. This new evidence has fully confirmed the general conclusions drawn
from ¢he fossil record, the geographic distribution of species, and other types of
ohservations. In addition, it has provided a wealth of new information about
the evolutionary relationships among species and about how evolution oceurs,
DNA is passed from one generation to the next directly from a parent to
its offspring (in asexually reproducing organisms) or through the union of
DN A-containing sperm and egg cells (in sexually reproducing Organisms).
As discussed earlier, the sequence of nucleotides in DNA can change from one
generation to the next because of mutations; if these changes give rise to ben-
eficial traits, the new DINA sequences are likely to spread within a population

28 SCIENCE, EVOLUTION, AND CREATIONISM

Gopyright © National Academy of Sciences. All rights reserved.

SUPP-45



Seignoe, Evolution, and Creationigm
hitp: Ao, nap.exfu/catalog/1 1878 htm|

The drasophillid flies of Hawaii provide an excellent
exafnple-of "adaptive radiation,” In‘which an ances-
tralspecies givés rise to & vely large number of news
species in a relatively short time.
gmamosame: Evolutienary blologists have
A double stranded  focused partlcular attention on
DNA mofecule that  a group of about 100 drosophi-
comtaing i series Qf lid species that have characteris-
specific genes alorg  tic pigmented markings on their
ibsdength. Bemest  large wings. Known aé the pic-
sexually reproduc- ture-winged drosophilids, these
’ species carty within them a
remarkable biological record of
Pt the groufi’s evelutivmary histary,
merber of the paiy Cells in the salivaty glafids
being inherited of all-Drosophitia-larvae contain
frompaach §§J&’I$§j spediil chromasémal structures
_ knowh as polytene diroriis-
somes. Easily visible thraugh 2 micréscope, these
polgtene chromosames display hundreds. of alternat-
ing-dark and light bands wf differant sizes. These

airs, with one

|
Photagraph of &polytene chromospme fiom a Brrosophila
Iarva shows two breakpoints (indicated By solid bars) where
a partion of the chromussome Is inverted compared tothe
same chromuosome in viher species,

The Pleture-Wingad Drosog

bariding patterris make it especially easy to
detect & kind of chromasamdl rearfangement
known as an inversion. Sometimes, a mistake
during the duplication of DNA can cause a
segiment of the chromosome Yo be flipped.
The result is a rearranged chromosome in
which a section of the chromoesomy, with

its characteristic light and dark bands, has a
reversed orlentation. Many inversions of this
type have otcurred in different sagments of
chiromosomes in different species of flies,

As individual species of drosophilids on the
Hasvaiign islards have diversified to form mul-
tiple spéches, researchers have used the result-
ing thanges in banding patterns to reconstrist
the sequence in which existing species of dro-
sophilids rroved-from older islands te newer
islands aiid-gave fise 1o new spedes. For

~éxample, the “Big lsfand” of Hawai, which-
s the youngest in the jsland ch '
“Has 25 spaches. of pictare-winged:

-carrently
idrosophilids.
By-examinitig the specific
chromosome inversions in
these colonizing species
and comparing them with
species that live on islands
that are oldey, researchers
have determined that flies on the Big island
have all originated from 19 separéte caloniza-
tions of the island by a small group of flies (or
perhaps single fertilized female fiies) from one
of the older islands.

over multiple generations. In addition, neutral mutations that have no effect
on the traits of an organism can be maintained within a population as DNA
passes between generations. As a result, DNA contains a record of past genetic
changes, including the changes responsible for evolutionary adaptations.

By comparing the DNA sequences of two organisms, biologists can uncover
the genetic changes that have occurred since those organisms shared a com-
mon ancestor. If two species have a relatively recent commaon ancestor, their
DNA sequences will be more similar than the DNA sequences for twe species
fhat share a distant common ancestor. For example, the DNA sequences of
humans, which vary to a small degree among individuals and populations
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5t 100%
Th&'gfﬂe that, when chimpanzes ‘7
mitated, causes Cys-
tie fibrosis it hummans
is vary similar to the haboan
carresponding gene
in chimpanzees but
is fess similar to the
corresponding gene mouse
in orgariisms that are
taxs closely related to
hurmans. The height puffer fish
of the green bars i
shovs the simifarity ‘10@ ruclestide gaies
of the gens in other

organisms o the

hurman gene over

3 span F’; 10.000 of people, on average differ by just a few percent from those of chimpanzees,

eotides, " .

Rucleatiaes reflecting our relatively Tecent COtUNON azicestry. But hurmnan DNA sequences
are increasingly different from those of the baboon, mouse, chicken, and puffer
fish, reflecting our increasing evolutionary distance from each of those organ-
isms. Even greater differences in PNA sequences are found when comparing
humans to flies, worms, and plants, Yet simifarities in [DNA sequences can be

seen across all living forms, despite the amount of time that has elapsed since

orapauten
similarity
with hurman
nuchigtide
marmoset sanquences

ferrst

chicken

16,000 nucleotide pairs

The Evclution of Limbs in Early Tetrapods

mMolecular biologists have been discovering DNA Drosophita embrys
regions that control the farmation of body parts HEAD
during deyelopment. Some of the rmdst impoeriant g

of these:DNA regions are known as Hox genes.

Humans and-alf other fammals have 3
genes, Individual Hox gen s control thie function
of othier typss of genes, and thesame Hox gene _
can contro! different sets of genes in different Mousa embiyo
parts of the body.

Hox genes are also involved in the develop-
ment of many different anatomical features,
including limbs, the spine, the digestive system,
and the reproductive tract In diverse species
of Both invertebrate and vertebrate animals.
For example, as illustiated ifi the figure {right
side of page), the same Hox genes that control Hox genes also direct the formation of fins in fish
the develspment of body parts in the fruit fly and limbs in land-dwelling vertebrates. They are
Drosophila also control the development of body  expressed in different patterns it limbed animals,
parts in mice and other rmammals. Colors indicate  resufting in.the formation of fingers and toes. Changes

the activity of the same Hox gene in both kinds in the expression of these genes were likely involved in
of organisms. the evolution of the early tetrapods, such as Tiktaalik.
A SCIENCE EVOLUTION, AND CREATIONISM
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Empparigan of the human

atid chimp DNA seguences

AM&EEI\CCAT&MK‘;Q?%‘ATCAE&&@&RETNTC’&C{;MS for the gene that encades

PEEETLIELEI R I b b i e Hye BT in{

A TR CEARAT COTCRTORARRCRAT T PR CTARE ‘ifhe hasmone leptin (which
is involved In the metabo-

listn of fats) reveals. only

guritta

hignan STGOECATOCARRAATCL
) RIS ARE AR NNY
ehirnp  GTGOCCATCERARRRGTCL

- Hivn differsncas in 250
ruipleotides, Where the
e i narir TGN i human and chimpanzes
| | § i i I i | | : P
chimp :»;1'c'mm;\m'r?;-f:m:kc;lc!*r;cm‘mw:}mmmmkmcm% _umT&ﬁéﬁGG{%"i’G@%ﬁ sprenqes differ, "FE‘& corii
sponding nucfectide inthe
gariia % gorilla ghaded tuzes) can be
goritta 8 uzed to derive the nudleo-
tide that likely existed in
hurtsn %@W@MTCQ&T TOCTRCO TR TCCANGRTGGACCREACACTOACRITC the eommen ancesior of
TETPRIEREITILITTL ijillllllllllIii!li%;iiliEHE.EEHiEHI hurmans, dhimpanzees,

whilip  TTOATTEUTGEROTTOAY R CTTATCO A GATAUR CERERCRCTDETRGTY

and gorillas. [n twe cases

| the garfta and human
® nuclentifes match, while
& in the-othst three tases,

R AR OA T SO AGER T OO TCCROA RN R CRARTATECAAERATOER the garilla and chimparzes
T L SHSI ARy gailla ans chimpanzes
<hitnp  TACCRACRGATCOTCACCAGTATGOETTCCRGAAACAT UM CCARRTATCCAREERCCTE seguences are the same.
‘ The ¢emimen ancestor of
gorilla e gorilia, chimpanzee,
and human Iz most likely
\ to have had the nudeotide
TEEEN GEGRRD TR mmC&@GTGmﬁCmC’?@WMCTGCCJ«ZCTTGCWGG .
AnHhtny nnnnnaaanInnnnn that is the same in twe
chimp  GAGARCCTEOOGAADCTTCTTCAGSTEET4ECCTTCTC TRAGREC TG CACTIEECCTEE of the three medern-day
- 3 organisms kecause this
qoti would require just ene DNA

change rather thar two.

they had common ancestors. Even hamans and bacteria share some similarity
in DA sequences in certain genes, and these similarities correspond to molecu-
far $ystems with similar functions. Biological evolition thus explains why ofher
organisms can be studied to understand biological processes critical to human
life. Indeed, much of the biomedical research carried out today is based on the
biclogical commenalities of all Tiving things.

The study of biological molecules has done more than decament the evalu-
rionary relationships among Grganisins. Tt also £aa reveal how genetic changts
produce few tralts 6 Organismis oyer the course of evolutionary history, For
example, molectlar biologists have beertexamining the funiction of tegula-
tory proteins that cause other genes in a cell to tusn on and off as an organism
dwa@m&mﬂa@ﬂMWﬂmﬁz&mmdmmﬁmﬁﬂw%pmmm&mﬁmﬁNA
regions to which these proteins attach, or even, as recently discovered, in sinall
RNA molecules can have dramatic effects on the anatomy and funetdon of an
organism. Such changes could be responsible for some of the major evolu-
tionary innovations that have occurred over time, such as the development
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of limbs from fins in early tetrapods. Moreover, biologists have discovered

that very simitar sets of regulatory proteins occur in Organisms as different as
fies, mice, and humans, despite the many millions of years that separate these
organisms from their common ancestors. The DNA evidence suggests that the
basic mechanisms controlling biological form became established before or dur-
ing the evolution of multicellular organisms and have been conserved with litile
modification ever since.

Biological evolution explains the origin
and history of our species.

Study of all the forms of evidence discussed eatlier in this booklet has led o
the conclusion that humans evelved from ancestral primates. In the 19th cen-
tury, the idea that humans and apes had common aneestors was a novel one,
and it was hotly debated among scientists in Darwin’s time and for years after.

The Evolution of Whales, Bolplins, snd Forpoises

The combination of
fossiband maleculsr
evidence engbles
biologists to éonstruct. |
‘much miore detailed
svolutionary histo-
ries than have been
possiiile inthe past.
For-sxample, recent
fossil discaveries in :
Asia’have revealed asuccession of arganisms that, Fossils of Doradon, found in Egypt and dating to

beginning about 50 million years ago, moved from lite approximately 40 million years ago, document a
an tand first to-hund and thento live cond nuously in critical fransition in the evelution of moders whales.

Because it had evolved fror @ mammal that lived on
land. Doruden stilf had vestigial tracés of hind limbs,
feet, and toes (the smail bones atthe base of the
tafl), even though it fivedin the verler ah used its
long powerful tail to swim.

marire environments. This fossil evidence accords with
recerit genetic findings that whales; dolphins, and por-
poisés are descended from a group of terrestrial mam-
malsknown as artiodactyls, which today includes such
animals as sheep, goats, and giraffes. Most recently,
studies of regulatory networks in the DNA of modern
prpoises have revealed the molecular changes that
calysed the ancestors of these organisms to lose their
fsiivd limbs and develop nrore streamlined bodies. All
of these forms of evidence support each other and add
fascinating details to the understanding of evolution,
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But today there is no scientific doubt about the close evolutionary relation-
ships between humans and all other primates. Using the same scientific
methods and tools that have been employed to study the evolution of other
species, researchers have compiled a large and increasing number of fossil
discoveries and compelling rew molecular evidence that clearly indicate that
the same forces responsible for the evolution of all other life forms on Earth
account for the biological evolution of human characteristics.

Based on the strength of evidence from DNA comparisons, the common
ancestor of humans and chimpanzees lived approximately 6 to 7 million
years ago in Africa. The evolutionary free leading from this ancestral species
to modern humans containg a number of side branches, representing popula-
tioms and species that eventually went extinct. At various times in the past,
the planet appears to have been populated by several human-like species.

About 4.1 million years ago, a species appeared in Africa that paleontclo-
aists place in the genus Australopithecus, which means “southern ape.” (A
mermber of the genus was first discovered in southern Africa, although other
fossils, including an almost complete skeleton of a 3-year-old female, have
been found in eastern Africa.) The brain of an adult of this genus was about
the same size as that of modern apes (as documented by the size of fossil
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More than 3.5 million
years ago, two hominids
walked upright scross

a field of newly fallen
volcanie ash in eastern
Africa. The footprints
were covered by &
subsaguent ashfall

until 1978, when they
were unearthed by
paleontologists, The
Lactoll footprints,
rnamed after the site
where they were found,
#ive very early evidence
of upright walking, a
key acquisition it the lin-
eage leading to humans.
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stands. heside fier.

skulls), and it appears to have spext partof its life.climbing in trees, as indi-
cated by its shart legs and features of its upper limmbs. But Australppithecus
also walked upright, as humans do. Footprinis left by one of the earliest
Australopithecus species have been discovered preserved with remarkable
clarity in hardened volcanic ash.

About 2.3 million years ago, the carliest species of Home, the genus to
which all modern humans belong, evolved in Africa. This species is known
as Homo habilis (“handy” or “skillful man”), lts average brain size, as deter-
mined from skulls that postdate 2 million years ago, was probably about 50
percent larger than that of eartier Australopithecus. The earliest stone tools
appear about 2.6 million years ago.

About 1.8 million years ago, a more evolved species, Hoimo erechis ("upright
man”) appeated. This species spread from Africa to Eurasia. The subsequent
fossil record incluces the skeletal remains of additional species within the
genus Homo. The more recent species generally had larger brains than the
earlier ones.
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A -number &f species,

_ %, of shich orily
S ‘P‘\ﬁw % §n5tmf§pfthe60s
\ _ - % g ‘*M gfarensis, Homeo

habilis, and Hamo
erectus are shown
here, are thought to
represent evolutionary
4 links between mod-
# Homo srectus rn Huinans arid the
Homo habilis more ancient species
that was the cornmon
grcestor of chimpan-
zees, bofichos (o clese
relative of chimpan-
zees), errd moderm
Ausa‘alopimscus h“’“m Oth;er dos‘?‘y
afarensis related species on the
human side of the
Farnily tree are known
frisra the Tossil récord.
‘Parsrthropus robustus
andHeanderthals are
extinct evolutichary
Hrieagres Now repre-

Evidence shows that anatornically misdern hurnans (Hormo sapiers ~~wise” sertted only by fossis.
or “knowing man”) with bodies and brains like ours, evolved in Africa from
parlier forms of humans. The earliest known fossil of a modern human is less '
than 200,000 years old. The members of this group dispersed througheut Africa
and, more recently, into Asia, Australia, Europe, and the Amgricas, replacing
earlier populations of humans then living in some parts of the world. &
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CHAPTER THREE

CREATIONIST
PERSPECTIVES

Creationist views reject scienbific
rdings and methods.

Advocates of the ideas collectively known as “creationism” and, recently,
“intelligent design creationism” hold a wide variety of views. Mast broadly,
a “ereakionist” is someone who rejects natural scientific explanations of
the known universe in faver of special ereation by a superratural entity.
Creationism i its varipus forms is not the same thing a¢ belief in God
because, as was discussed earlier, any believers as well'as many mainstrean
religious groups accept the findings of science, including evolution. Noris
creationism necessarily tied to Christians who interpret the Bible literally.
Same non-Christian religious believers also want to replace scientifi¢c explana-
tions with their own religion’s supernatural accounts of physical phenomena.
I the United States, various views of creationism typically have been pro-
moted by small groups of politically active religious fundamentalists who
believe that only a supernatural entity could account for the physical changes in
the universe and for the biological diversity of life on Earth. But even these cre-
ationigts hold very different views. Some, known as “young Earth” creationists,
believe the biblical account that the universe and the Earth were created justa
few thousand yeats ago. Proponents of this formy of ereationisri also believe
that all living things, including humans, were created in a very short period
of time in essentially the forms in which they exist today. Other creationists,
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kngwn as “ld Earth” creationists, accept that the Earth may be very old but
reject other scientific findings regarding the evatution of fiving things.

No scientific evidence supports these viewpoints. On the contrary, as dis-
cussed earlier, several independent lines of evidence indicate that the Earth
is ahout 4.5 billion years old and that the universe is about 14 bitlion years
old. Rejecting the evidence for these age estimates would mean rejecting not
just biological evolufiun but alse fundamental discoveries of modern physics,
chernistry, astrophysics, and geology.

Sume creationists believe that Earth's present form.and the distribution of
fossils can be explained by a worldwide flood. Butthis claim also is at odds
with observations and evidence understood scientifically. The belief that
Eartl's sedisents, with their fossils, wese deposited in a short period does not
accord either with the kiown processes of sedimentation or with the estimated
volume of water needed to deposit sediments on the top of some of Barth's
highest mountains.

Creationists sometimes cite what they claim to be an incomplete fossil
record as evidence that iving things were ereated in their madern forms.

Bt fliis argument ignoses the rich aml extremsly defailed record of evolu-

tignaty history that paleontologists and other biologists have tanstencted
over the past two centuifes and are continuing to construet. Paleontologital
research has filled in many of the parts of the fossil record that were incomplete
in Charles Darwin’s ime. The claim that the fossil record is “full of gaps” that
undermine evalution is simply false. Indeed, paleontologists now know enough
about the ages of sediments to predict where they will be able to find particu-
karly significant transitional fossils, as happened with Tifdaalik and the ancestors
of modem humans. Researchers alse are using new techniques, such as com-
puted axial tamography (CT), to learn even mote about the internal structures
and composttion of deficate bones of fossils. Exciting new discoveries of fossils
continue to be reported in both the scientific literature and popular media.

Another compeliing feature of the fosstl record is fts consistency. Nowhere
on Barth are fossils from dinosaurs, which went extingt 65 million years ago,
found together with fossils from hurnans, who evolved in just the {ast few
million years, Nowhere are the fossils of mamumals found in sediments that
are more than about 220 million years old. Whenever creationists point to
sediments where these refationships appear to be altered or even reversed,
scientists have clearly demonstrated that this revérsal has resulted from the
folding of geological strata over or under others. Sediments containing the
fossite of only unieellular organisms appear earlier in the fossil record than do
sediments containing the rematns of both unicellular and multicellular organ-
isms. The sequence of fossils across Earth’s sediments points unambiguously
toward the occurrence of evolution.
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Creationists sometiimes argue that the idee of evglution must remain hypo-
thetical Because “no one has ever seew evolution occur.” ‘This kind of statement
alio revenls that some creationists tisunderstand an important charactéristic of
scientifie reasoriing. Scientific conglusions are not limi ted to direct vbsetvation
butoften depend on infererices that are made by applying reason o chserva-
Honis, Eved with the laoach of Earth-otbiting: spavedraft, scientists could not
directly see the Earth. going around theSun. Butthey inferred from a wealth
of independent measurbments that the Sun it the centerpf the solar systern.
Eintil the recent development of extremely powerful microseopes, stientists
could not alserve atoms, but the behavior of physical objects left no doubt about
the aiomic nature of matter. Scientists hypothesized the existence of viruses for
fany years before microscopes-became powerful enough to see them.

Thus, for many areas of science, scientists have not directly observed
the objects {such as genes and atoms) or the phenomena (sueh as the Earth
going around the Sun) that are now wel l-established facts. Instead, they
hive confirmed them indirectly by observational and experimental evidence,
Evolution isaw different. Indeed, for the reasons-described in this booklet,
evolutionary scienice pravides one of the best examples of a degp understand-
ifig based on scientific ressoning.

This contention that nobody has seen evolution occurring further ignores
the overwhetming evidence that evotution has taken place and is continuing
to octur. The annual changes in influenza viruses and the emergence of bac-
teria resistant o antibiotics are both products of evolutionary forces. Anuther
example ot ongoing evalution is the appearance of mosquikoes resistant ¥o VETi-
os insecticides, which has contributed to-a tesurgence of malaria it Africa and
glsewhere. The transitiondl fossils fhiat have been found in abistdance sioce
Drarwin’s tifme reveal how species continuatly give rise Krsuccessor species
that, over time, produce radicaily changed boxdy forms and functions. Tt alan i
passible to directly abserve many of the specific processes by which evolution
occurs. Scientists regularly do experiments using microbes and other madel
systems that directly test evolutionary hypotheses.

Creationists reject such scientific facts in part because they do not accept
evidence drawn from natural processes that they consider to be at odds with
the Bible. But science cannot test supernatural possibilities. To young Earth
creationists, no amount of empirical evidence that the Earth is billions of years
old is likely to refute their claim that the world is acttally young but that God
simply made it appear to be old. Because such appeals to the supernatural are
not testable using the rules and processes of scientific inquiry, they cannot be a
part of science.
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“Intelligent design’ creationism is not

supported by scientific evid

Flsetron microgragh of
a-bacterium with halr-
like flagetla.

SHOE.

Some membiers of a newer school of creationists have temporarily set aside the
guestion of whether the selar system, the galaxy, and the universe are billions
or just thousands of years old. But these creationists unite in contending that
the physical universe anid living things show evidence of “intelligent design.”
They argue that certain biological structures are so eomplex that they couid
not have evolved through processes of undirected mutation and natural selec-
tion, a condition they call “irreducible complexity.” Echoing theological argu-
ments that predate the theory of evolution;, they contend
that biolaeical organisms must be desigiied in
the same way that & mousetrap-or a clack is
designed — that in order for the devi
work properly, all of its components must
be available sintultaneously. If one com-
ponent is missing or changed, the device
will fail to operate properly. Because even
such “simple” biological structures as the
flageltum of a bacterium are so complex,
proponents of intelligent design creation-
ism argue that the probability of all of their
componertts being produced and simultaneously
available through random processes of mutation are
infinitesimally small. The appearance of more complex biological structures
(such as the vertebrate eye) or functions (such as the immurie system) is impos-
sible through natural processes, according fo this view, and so must be atirib-
wied to a transcendent intelligent designer.

However, the claims of intelligent design creationists are disproven by the
findings of modern biology. Biclogists have examined each of the molecular
systems claimed to be the products of design and have shown how they could
hawve arisen through natural processes. For example, in the case of fhe bacte-
rial flagellum, there is no single; uniform structure that is found in all flagel-
lar bacteria. There are masiy types of flagelia, some simpler than others, and
many species of bacteria do not have flageila to aid in their moverment, Thus,
other components of bacterial cell membranes are likely the precursors of the
proteins found in various flagella. In addition, some bacteria inject toxing into
other cells through proteins that are secreled fram the bacterium and that are
very similar in their molecular structure to the proteins in parts of flagella.
This similarity indicates a common evolutionary origin, where small changes
in the structure and organization of secretory proteins could serve as the basis

40 SCIENCE, EVOLUTION. AND CREATIONISM

Copyright @ National Academy of Sciences. All rights reserved.

SUPP-57



Seienge, Evolution, and Creationisim.
hittp: /Aaww. nap.edii/catalog/t 1876 kml

for flagellar proteins. Thus, flagellar pro-
teins are npfirreducibly complex.
Evolutienary biologists alsohave
dernenstrated how complex biochemi-
gail mechanisms, such as the clotting of
Blood or the mammalian immne sys-
tem, could have evolved from simpler
precursor systems, With the clotting

of blood, some of the components of

the mammakian system were present in
earlier organisms, as demenstrated by
thie-organisms living today (such as fish,
reptiles, and birds) that are descended
from these mammalian precursors.
Mammalian clotting systems have built
a1 these earlier components.

Exigting systems al$o canacquire
new functions. For example, a particular
system might have one task in a cell and
then become adapted through evolution-
ary processes for different use. The Hex
genes (desceibed in the box on page 30)
are a prime example of evolution finding
new uses for existing systems. Molecular
biclogists have discovered that a par-
ticularly important mechanism through
which biological systems acquire addi-

U T

tonal functions is gene duplication.

Segments of DNA are frequently dupli-
cated when cells divide, so that a cell has multiple copies of one or more

genes. If these multiple copies are passed on to offspring, one copy of a gene

can serve the original function in a cell while the other copy s able to accu-
mulate changes that ultimately result in a new function. The biochemical

mechanisms responsible for many cellular processes show clear evidence for

historical duplications of DNA regiors,

In addition to its scientific failings, this and other standard creationist argu-

ments are fallacious in that they are based on a false dichatomy. Even if their
negative arguments agafnst evolution were correct, that would not establish
the creationists’ claims, There may be alternative explanations. For example,
it would be incorrect forconclude that because there is no-evidence that itis
raining outside, it must be sunny. Other explanations also might be- possible.
‘Scierce requires testable evidence for a hypothesis, not just challenges against
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Byesin living mollusks.
The octépus ey (bdt
fam) is. quite complex,
with comparients sirmikar
tothose of the human
gye, such as @ ¢dmnea,
irls, refractive lens, and
ratina. Other molusks
have simpler ayes. The
shrplest eve is found in
limpets {top), consisting
of only a few pigment-
ad cells, slighily modi-
fied from typical epithe-
Hal {skir) cells, Slitghell
mnflusks {sseond from
top) have a shightly
mere advanced organ,
consisting. of some pig-
rented cells shaped as
a cup. Further elabora-
tions gnd increasing
cormplexity are found in
the eyes of Nattilus and
Murex, which ase not a3
remplex as the eves of
the saidid anc octopus,
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Byer millions of years,
the Colorade River
has cut through the
rockis of the Colorade
plateau, revesiing
sedimetitary rocks
depuosited rrore than
a billicn years ago,

one’s opponent. lntelligent design is not a scientific concept because it cannot
be empirically testect.

Creationists sometimes claim that scientists have a vested interest in the
concept of biological evolution and are unwilling to consider other possibili-
ties. But this claim, too, misrepresents science. Scientists continually test their
ideas against observations and submit their work to their colleagues for criti-
cal peer review of ideas, evidence, and conclusions before a scientific paper
is published in any respected seientific journal. Unexplained observations
are eagerly pursued because they can be signs of important new science or
problems with an existing hypothesis or theory. History is replete with sci-
entists challenging accepted theory by offering new evidence and more com-
prehensive explanations to account for natural phenomena. Also, science has
a competitive element as well as a cooperative one. If one scientist ¢lings to
particular ideas despite evidence to the contrary, anather scientist will attempt
to replicate relevant experiments and will not hesitate to publish conflicting
evidence. 1f there were serious problems in evolutionary science, many scien-
tists would be eager to win fame by being the first to provide a better testable
alternative. That there are no viable alternatives to evolution in the scientific
literature is not because of vested interests or censorship but because evolu-
tion has been and continues to be salidly supported by evidence.

The potential utility of science also demands openness to new ideas. If
petroleum geologists could find more oil and gas by interpreting the record of
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sedimentary rocks (where deposits of il and natural gas are found} as hav-
ing; resulted fram a single flood, they would certainly favor the idea of such a
flood, but they do net. Instead, petroleum geologists agree with other geolo-
gists that sedimentary rocks are the producis of billions of years of Earth’s
history. Indeed, petroleum geologists have been ploneers in the recognition of
fossil deposits that were formed over millions of years in such environments
as meandering rivers, deltas, sandy barrier beaches, and coral reefs,

The arguments of creationists reverse the scientific process. They begin
with an explanation that they are unwilling to alter — that supernatiral
forces. have shaped biological or Earth systems — rejecting the basic require-
ments of science that hypotheses nwst be restricted to testable natural expla-
nations. Their beliefs carmot be tested, modified, or rejected by scientific
means and thus carmot be'a part of the processes of scienice.

Despite the lack of scientific evidence for creationist positions, seme advo-
cates comtinue to demand that various forms of creationism be taught togeth-
er with or in place of evolution in science classes. Many teachers are under
considerablé pressure from policy makers, schoal administrators, parents,
and students to downplay or eliminate the teaching of evolution. Asa result,
mrany U.S. stadents lack access to information and ideas that are both inte-
gtal to mpdern science and essential for making informed, evidence-based
decisions about their own lives and our collective future.

Regardiess of the careers that they ultimataly select, o suceeed i foday’s
scientifically and technologically sophisticated world, afl students need a
sound education in science. Many of today’s fast-growing and high-paying
jobs require a familiarity with the core concepts, applications, and implica-
Hons of science. To make informed decisions about public policies, people
aeed to know how scientific evidence supports those policies and whether
that evidence was gathered using well-established scientific practice and prin-
ciples. Learning about evolutiof is an excellent way to help students urider-
gtamdd the mature; provesses, and Hmits of selence in -addition 1o concepts about
this fundamentally important contribution to scientific knowledge.

Given the importance of science in all aspects-of modern life, the science
curriealum should not be undetmined with nonscientific material. Teaching
creationist ideas in science classes confuses what constitutes science and
what does not. It compromises the objectives of public education and the
goal of a high-quality seience education.
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sry of the Divine Creation s  ashiuplit indthe Bib

mber of corrt cases lavedookd at laws inyolving the teachinlg of ¢t _
ideas, Severafcout dedisions, mcludingthe 1987 Supreme’Court case Eduards

@ Aguillard and, more tecently, the 2005 federal dstrict court case (irvcentral
Pennsylyania) of Kitzmiller v: Dover Area Schoo! District, have ruled that the
various forms of creationism, including intelligent design creationism, gre
religion, not science, and that itis therefore unconstitutional to include them
intpublic school science classes. Below are excerpts from three of the most
prominentgases.

Supresie Court of the United
States, Epperson v. Arkansas, 1968

"Goyerrunent in our demoeracy,
: jonal, st be geu-
Hets of refigious theory,
angl practige. ;mf&? :

e

“to the agtvoacy -of non-religion,
and it may.not aid, foster, oF
premote one religion or religious
thepry against another or even
against the militant opposite.”

-wimm.—‘..%& j e 5

44 SCTENCE, EVOLUTION, AND CREATIONISM

SUPP-61



U5, law does rot ferbid the mention or study of seligion as-an academic subject
in public schools, and creationism might be discussed in, for example, a com-
parative religion class. But, aseivil servants public sehool teachers must be
utral with respeel to religion, which meahs that they canl fivither promote
nor inhibit its practice. If int ign creationism were to be discussed in
public school, then-Hindiy slamic, | o Sanerican;.and other non-Christian
greationist views, &gﬂgwreﬁias pipinstrearn f@li@ﬁuﬁjﬁé&?&’gﬁh : k]

with science, also should be discussed. Because the Constiti on of the'United
States forbids a governmental-establishment of religion, it would be inappropri-
ate to use public funds te teach the views of just one religion or one religious
subgroup #o all students, Moreover, even in seich aclass it would be iviproper
to teach these viewpoints as. thiough they were scientific.

genf dé
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CHAPTER FOUR

ONCLUSION

Seience and scienge-based technologies have trarsiormed modern ke, They
have led to major improvements i fiving standards, public welfare, health,

 and seeprity. They have chang 4 hisw we view the universe and hiy we hink
about eirselves fnrelation o the wosld around us.

Biological evalution is one of the most important ideas-of moder science.
Hyolution is supported by abundant evidence from many diffevent fields of sct-
entific investigation. It underlies the modern biclogical sclences, including the
biomedical sciences, and has applications in many other scientific and engineer-
ing disciplines.

As individualy and societies, we are iow igking decisions that will have
profound conseguences for future generations. How should we balance the
need fo preserve the Earth's plants, animals, and natural environevent against
tther pressing concerns? Should we alter our use of fossil fuels and other natu-
¥al resources to enfance the well-being of our descendants? To what extent
should we use our new understanding of biology on a molecular level to alter
the characteristics of living things?

None of these decisions can be made wisely without considering biological
evolution. People need to understand evolution, its role within the broader sci-
entific enterprise, and its vital implications for some of the most pressing social,
cultural, and political issues of our time.

Sciene and technology are so pervasive in modern sociely that students
increasingly need a sound educationin the corg concepts, applications, and
"hﬁpl'ica;:ifmm}f setence. Because evolution hasand will continue to serve asa
criticad foundation of the biomedical and life seiences, helping students learn
aboutand undesstand the scientific evidence, mechanisms, and implications of
evolution are fundamental to a high-quality science education.

Seience and religion are different ways of understanding. Needlessly placing
themn in oppesition reduces {he potential of both 1 contribute ta a better future,
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FREQUENTLY
ASKED
QUESTIONS

Aren’t evolution and religion opposing ideas?
Newspaper and television stories sometimes niake it gestn as though evolu-
tioh and religion are incompatible, but that is not e, Many seientists arnd
theologians have writhen @bout how onhe.can accept hoth faith and the valid-
ity of biolpgical evolution. Many past and current scientists who have made
major contributions to our u nderstanding of the world have been devoutly
religious. At the same time, many religious people accept the reality of evo-
fution, and many religious denominations have issued emphatic statements
reflecting this acceptance. {For more information, see http:// www.neseweb,
org /resources/ articles/ 1028_statements_from_religious_o rg. 12 19 _2002.asp.)

To be sure, disagteements o exist. Some people reject any science that
cottains the word “evolution”; others reject all forms of religion. The range of
beliefs about scierice and about religion is very broad. Regrettabily, those who
accupy the extremes of this range oftent have set the tone of publc discussions.
Evolution is science, however, and only scence shoulkd be taught and learned in
soience classes.

The “Additional Readings” section of this publication cites a number of
books and articles that explore in depth the intersection of science and faith.

ief in evolution also a matter of faith?
Acceptance of evaolution is not the same as a religious befief. Scientists” con-
fidence about the vecurrence of evolution is based on an everwhelming
amount of supporting evidence gathered from many aspects of the natural
world, To be accepted, scientific knowledge has 1o withstand the scrutiny
of testing, retesting, and experimentation. Evolution is accepted within the
scientific community because the concept has withstood extensive testing by
many thousands of scientists for more than a century. As a 2006 “Statemert
on the Teaching of Evolution” from the Interacademy Panel on International
Tssues, a global network of national seience academies, said, “Evidertce-based
facts about the origins and evolution of the Earth and of life on this planet
have been established by numerous observations and independently derived
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experimental results froma multitude of scientific disciplines” (emphasis in
original). (See tatp:// www.interacademies.net/ Object. File/ Master /6 /150 /
Bvolution%20statement, pdf. )

Many religious beliefs do not rely on evidence gathered from the natural
world, On the contrary, an impertant component of religious belief is faith,
which implies acceptance of a truth vegardless of the presence of empirical
evidence for or against that truth, Seientists cannot accept scientific conclo-
sioson faith alone becanse all such conelusions must be subject to testing
against cbservations. Thus, scientisty do not “believe” in evolufion in the
same way that someone believes in God.

oo )

How can random biclogical chan
apted organisms?

Contrary to a widespread public impression, biological evolution is not ran-
dom, even though the biviogical changes that provide the raw material for
evolution are not directed foward predetermined, specific goals. When DINA is
being copied, mistakes in the copying process genetate novel DNA sequences.
These new sequences act as evolutionary “experiments.” Most mutations do
nat change traits or fitness. But some mutations give organisms traits that
enhance their ability to survive and reproduce, while other mragations reduce
the reproductive fitness of an organism.

The process by which organisms with advantageous variations have greater
reproduetive success than other organisms within a population is known as
“natural selection.” Over multiple generations, some populations of organisms
stibjected to natural selection may change in ways that make them better able 16
survive.and reproduce in a given environment. Others may be unable to adapt
to a changing environrment and will become exfinct,

Aren’t there many guestions that still surround evoly-
tion? Don't many famous scientists reject evolution?
As with all acrive areas of science, there remain questions about evolution.
There are always new questions to agk, new situations to consider, and new
ways to study known phenomena. But evolution itself has been so thor-
oughily tested that biologists are no longer examining whether evolution has
accarred and is continuing to occue. Similarly, biologists no Jonger debate
many of the mechanisms responsible for evolution. As with any other field of
science, sclentists continue to study the mechanisms of how the process of evo-
lution operates. As new technologies make possible previously unimaginable
observations and allow for new kinds of experiments, scientists cenfinue 1o
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propese and exarine the strength of evidence regarding the mechardsms for
evolationary change. But the existenice of such questions neither reduces nor
wndermines the fact that evolution has occurred and continugs to occur.

Nor o sueh questions digninish the strength of evolutionary science. Tndeed,
thie strength of & theory rests in part on providing scientists with the basis to
explain observed phenomena and ta pregict what they are lkely to find when
exploring new phencimena and observations. In this regard, evolution has been
and comines o be one of the most productive theofies known to modern science,

ven scientific theories that are firmly established coutinue o be tested
and modified by scientists as new information and new technologies become
available, For example, the theary of gravity has been substantiated by many
abservations on Earth, But theoretical scientists, using their understanding of
the physical universe, continte to fest the limits of the theoiy of grawity in more
extreme situations, such as close to a neutron star or black hole. Someday, new
phenpmena may be discovered that will reqquire fhat the theory be-expandsid or
revised, just as the developient of the theory of general relativity in the first
part of the 20th century expanded knowledge about gravits.

With evolutionary theory, many sew nsights w ill emerge as research pro-
ceeds. For example, the links between genetic changes and alterations in an
orgamism’s form and function are being intens) vely investigated now that the
tools and technologies to do so are available.

Some who oppose the teaching of evolution sometimes use guotations from
prominent scientists out of context 1 claim that scientists do not support evo-
Lution. However, examination of the quotations reveals that the scientists are
actually disputing some aspect of how evolution occurs, not whether evolution
occurred.

hat evidence is there that the universe is biilions of
years old?

This is an important question because evolution of the wide variety of organ-
fsms currently existing on Earth required a very long period of ime, Several
independent dating techniques indicate that thie Earth is billions of years old.
Measurenments of the radivactive elements in materials from the Earth, the
Moo, and meteorites provide ages for the Earih and the solar aystem. These
measirements are consistent with each other and with the physical processes
of radicactivity. Additional evidence for the ages of the solar system and the
galaxy includes the record of crater formation on the planets and their moons,
the-ages of the oldest stars in the Milky Way, and the rate of expansion of the
universe. Measurements of the radiation left vver from the Big Bang also sup-
port the universe’s great age.
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What's wrong with teaching critical thinki
“cont " with regard to evolution?
Nothing is wrong with teaching critical thinking, Students need to leaen how
to reexamitie their ideas in light of observations arid-accepted scigntific con-
cepts. Scienftific knowledge itself is the result of the critical thinking applied
by generatioms.of scientists to questions about the natural world. Scientifie

‘knewled ge must be subjected to continued reexamination and skepticismi for

human keowledge to continue to advance.

Buit critical thinking does not mean that alk criticisms are equally valid.
Critical thinking has to be based on rules of reason and evidence. Discussion
of critical thinking or cortroversies does not mean giving equal weight toideas

that lack essential supporting evidence. The ideas offered by intelligent design

' in science classes would not be appropriate given their lack of scientific support.

creationists are not the products of scientific reasoning. Discussing these ideas

Recent calls to introduce “critical anatysis” into science classes disguise
a broader agenda. Other attemnpts to infroduce creationist ideas into sdence
employ such phrases as “teach the controversy” or “present arguments for and
against evolution.” Many such calls are directed speefically at attacking the
teaching of evolution or other topics that sonie people consider as controversial.
In this way, they are intended to introduce créationist ideas into science classes,
even though scieatists have theroughly refuted these ideas, Indeed, the appli-
cation of critical thinking to the science curricutum would argue against inchud-
ing these ideas in science classes begatise ey do not meetscientific standards.

There 1¢ no sclenfific controversy about the basit facts of evalution. In this
sense the intelligent design movement’s.call to “teach the controversy” is tmwar-
canted. OF course, there remain many interesting questions about evolution,
such as the evolutionary origin of sex or different mechanisms of speciation,
and discussion of these questions is fully warranted in science classes, However,
arguments that atlempt to confuse stuclents by suggesting that there are fun-
damental weaknesses in the science of evolution are unw arranted based on the
overwhelming evidence that supports the theory. Creationist ideas lie outside
of the realm of science, and introducing them in science courses has been ruled
unconstitutional by the U.$. Supreme Court and other federal courts.

What are common ideas regarding creationism?
“Creationism” is a very broad term. In the most general sense, it refers to views
that reject scientific explanations of certain features of the natural world (wheth-
er in biology, geology, or othier sciences) and instead posit direct intervention
(sometimes called “special creation”) in these features by some transcendent
being or power. Some creationists believe that the universe and Earth are only
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several thiousand years old, a pesiion rederred to as “young Earth™ greation-
ism. Creationism also includes the view that the complex features of crgan-
fsms cannot be explained by natural processes but require the intervention of 4
nonnatural “intelligent designer.” The “Additional Readings” section fotow-
iing these questions contains several books that describe the various ways in
which the word “creationism” is used.

lo

Wiouldn't it be "fair” 1o teadh crea
avolution?
The goal of science edugation is to expose students 1o thie best possiBle schol-
arghipin each feld of science. The siience cuiricufum ig thus the produt of
centuries of scientific investigation. Ideas need to become part of the base of
accepted scientific knowledge before they are appropriately taught in schools,
For example, the idea of continental drift to explain the movements and shapes
of the continents was studied and debated for many years without becoming
part of the basic science curric ulurn., As data acowmnulated, it becarne clearer
that the surface of the Earth js composed of a series of massive plates, which
are not bownded by the cantinents, that continaally move in relation o each
_pther. The theory of plate tectonics (which was proposed in the mid-1960s)
“grew from these data and offered a more complete explanation for the move-
ment of continents. The new theory also predicted important phenomena,
such as where earthquakes and volcanoes are lkely to accur. When encugh -
evidence had accamulated for the congept of plate tectonics o be accepted by
the scientific community as fact, it became part of the earth
scierces curricultm.

Seientists and science educators have concluded that evolution should be
taught in science classes because it is the on Iy tested, comprehensive scientific
explanation for the nature of the biological world today that is supported by
averwhelming evidence and widely accepted by the scientific community.

The ideas supported by creationists, incontrast, are not supported by evi-
denceand are npt accepted by thesciendific community.

Ditferent religions hold very different views and teachings about the origing
and diversity of life on Earth. Because creationism is bised on specific sets of
religious convictions, teaching it in science classes would mean inposing a
particular religious view on stadents and thus is unconstitutional, according
ko several major Tulings in federal district cousts and the Supreme Court of
the United States.

(o)
Lad
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pes science GiSpro
Seience can neither prove nor disprove refigion. Scientific advances have called
somie religious beliefs into question, such as the ideas that the Earth was ¢reated
very recently, that the Sun goes around the Baith, and fhat menial illness is due

ti possession by spirits or demons, But many religious beliefs involve entities or
ideas fatcurrently are not within the domatn of sciefice. Thus, it would be false
v assume that all veligious beliefs can be challenged by scientific findings.

Ag seience-continuesto advance, it will produce mare complete and more accu-
rate explanations [or natural phenomena, including a deeper understanding of
biological evelution. Both science and religior-are-weakened by claims that some-
ghing not yet explained scientifically must be attributed to a-supernatural deity.
Theologiens have pointed out that as scientific Inewledge about phéncg'mella,ihat
had been previously attributed to supernatural causes increases, a “god of the ga ps”
gpproach can undertine fajth, Furthermore, it confuses the roles of science and
religion by attributing explanations to one that belong in the domain of the other.

Many scientists have written eloquently about how their scientific studies
have increased their awe and understasding of a creator (see the “Additional
Readings” section). The study of science need not lessen or compromise faith,

54 SCIENCE EVOLUTION, AND CREATIONISM

Copyright © National Academy of $ciences. Allrights reserved.
SUPP-71



Sclente, Evolution, and Creafionism.
hitg: Ao i edUicatalogita7eml
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Websties

The National Academy of Sciénces maintaing a web-
site containing publications and other resources from
the-geademips that focus on evolution and evolubion
edueation. The website also contains links ta other
useful websites about evolution and the nature of sci-
ande fuat are maindained by other sciendific arganiza-
tions. For more ksformation see hitp:/ /nationalacad-
emies.org/evolution
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Baoks on Bvolution, the Nature of Science, and
Scipnee Bdieation

Thefollowing list of refererives fepresarits & symigling of
e vest liveratsny avalizhle pnevolition, selence, and sl
wnte gifucation. Please visit our World Wiche Webr address,
s 7 / nationatacademies.org/evofation, fog mois 2xten-
sive respurce Estings for these subjects. The Mational
Scaderny of Sciences does not enderse all the views ar
perspectives expressed by the authiors af the following
books,

Boeks o Bvolution

Ayala, Francisco . 2007, Daraoin’s Giff to Serenir and
Refigion. Washington, BC: Joseph Henry Press.

An evolutiinaey bistogist with & backgrouned fn
Sieclogy explains the science of evolition and its com-
patibility with faith,

Carrol, Sean B, 2006, The Making of the Fitlest: DNA
and the Litiimate Fevensie Record of Goohubivn, New York:
MNaogton.

Lirrks changes.in DINA over time to the evolution
of orgardsms and explores the new science of evgliu-
tongey-development biology, ar “eve-devo.”

Davwkine, Richard, 1996, Clinbing Mount Tniprabable.
R Yorls Neoston.

An authopitative and elegant acspunt.of the évolu-
tiemary origins of the “design” of organisins.

Denrett, Darrie] C. 1995, Darcuie's Darngertus lea:
Epolution and the Meanings of Life. New York: Simgm and
Gehusten

An exploration of Darwin's conceptual advances
and of how those advances have influenced other areas
of thought.

Fortey, Richard. 1998: Life: A Natural History of the First
Forr Biflion Years of Life on Earth. New York: Knopt,
A lively account of the history of Jife on Ea rH.

Cenild, Stephen [. 1992 The Panda’s Thimb. tew York:
W.W. Norton.

Could's eclumes from Nagurel History magazine
have been gollected Into a series of books, incl el
ing Ever Siuce Darwin, Hen's Teeth and Huorges' Toes,
Efilit Little Pigyies, The Flaningo's Sunle, anid Bully for
Brontosmuirus. All are good popular introductions o the
basic ideas behind evolution, and extremely readable.

Hazen, Robert M. 2006, Genesis: The Scientific Quest for
Eife's Orfgins. Washington, (3¢ Jaseph Hangy Pross.

An engaging introcdnction fo curtent deas abouk
e origirof |ife on Enrth, featuring vivid déscriptions
o the experimants Hazeredncd pthers ate doing to test
possible mechatifsms.

Elorner |oh R, and Edwin Dibb, 1997, Dinpsanr fives
Ehearfiing mr Evolitionary Saga. New York: Flarper
Collins.

What it's Bke to uncover fossilized bones, egps, and
more, plus Homer's views on dincsaurs avwed evolution.

Kirschmet, Marc W, and John C. Cerhart. 2005. The
Plausibitity of Life: Rescloing Darwin'’s Dilemina. New
Haven, CT: Yale University Press,

Explains how small ehanges in the DNA of an
organlsm an produce new bivlogical structures and
gystetns.

Mayy, Ernst. 2001, Whet Evolution I, New York: Basic
Booles.

An authovitative and comprehensive overview of
avelutionary theory

Mindell, David P, 2006, The Eveloing World: Evelution
in Everyday Life. Cambridge, MA: Harvard Undversity
Press. '

 Describes themany praetical applications of eve-
Tutionary knewledge in medicine, agricutinye, consse-
vation blology; and other fiekds.

National Academy of Sciences, 1998, Teachiing About
Eoolution and the Nature of Scienee. Washingtor, DC:
Nasional Academy Press.

A guide for educators, policy makers, parents,

and others that offers guidance on teaching about evo-
lution and the nature of science.

Weiner, Jonathan. 1994. The Beak of the Fincli: A Story of
Evolution in Our Time. New York: Knopf,

Discussion of basic evolutionary principles and
how they are illustrated by ongoing evolation of the
finches on the Galapagos Islands.

Zinmer, Carl. 2002, Evolution: The Trinmpl of an Idea.
New York: Harper.

A broad overview of gvolution — and companion
to a PBS series of the same name — that examines the
influence and scope of Darwin's idems.
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Beuiks un Ehe Bvolution of Humans

Cela-Conde, Camilo J., and Brangiseo [ dyala, 2007,

Humun Evolwtion: Tralls from #he Pask. New Yorke Oxfird

Piniversity Press.

A compehanisive overview of the evalution of
hamarss thek drasws From frelds ranging from genomics
amd patecanthropolagy to ethies and religion.

Diagriond, [ared. 1993, reissued in 2006. The Third
Chitspirzee; The Evolation and Fubiire of the Humah
Animal. New York: Harper Perannial.

Discuisses the similadities and differsnces betwesn
Bmans and cHimpREess,

Hinwslls, William, W, 1997, Gefting Fare: The Sgarg-of
Human Evolukivse: Wshingten, DC: Compass Piuss.

Adeadable survey of hizman evelulioh by one of
the fathers of physical anthropology.

Stringer, Chris, and Peter Andrews. 2005, The Copiplele
World of Humin Fvolution. New Yowk: Thames ard
Hudson.

A thorough, well-liustrated, andd up-tedate guide
0 the evolution of human belngs from our nonhuman
ancestors,

Tattersall, fan. 1998, Becowring Human: Evolution and
Hrnzzsn Linfgueness. New York: Harcourt Brace.

A deseription of the current state of understanding
avoutthe differences between Neanderthals and mod-
ern hdmans.

Plmer, Curl. 2005, Snuthsoimian Inlimate Guide ta
Huntan Orégins, Washington, DC: Smithsondan Books.

A succinet guide to the comylex story of husman
gvolition.

Books on Byalution for Children and Young Adults

Jutking, Steve, 2002, Lifiros Eartls The Storyof Evolution.
Boston: Houghton Mifilin,

A remarkably broad and detailed introduction o
evolutionary theory. Grades 2-6.

Lauber, Patricia, 1994. How Dinosaurs Came to Be, New
Yok Sitnon and Behuster.

A description of fhe dinosaurs and their ancestors.
Gradas 4-7.

Lawwson, Kristao, 2003, Dargin gt Evolbion Jor Kids:
Fis Eife and {dews with 21 Actipities. Chicago: Chicage
Review.

A lifeof Dorwin combined with activitessuch as
making a takcnemy and investigating geological stiata,
Crades 5-9.

Matsen, Bradiford. 1994, Plawet Cioson: A Story of Life, the
Sea, and Dancing o the Fossil Record, Berkeley, CA: Ten
Speed I'ress. '

Whithsically iThmtrated tour of history for oldet
kids and adults, Gracles 614,

MeNuity, Faith. 1808, How Wiales Walked inta the Se.
Mew York: Scholagic.

Trdsrwonderfully lhistrated boak describes the
eveltomof whalss from Jand mammals. Crades K-5.

Piters, Lisa W. 2003, Onr Famlly Tree: An Foolution
Story. New York: Flarcourt.

A beautifully illustrated picture book that empha-
sizes the relatednessof all living things. Crades K-5.

Troll, Ray, and Bradford Matsen. 1996. Raptors, Fossils,
Fins & Fangs: A Prefdstoric Cragture Featire, Berkeley,
€ A: Trieycle Priss.

A light-hearted tcip through dme {"Gond
Gracious—Cretaceoust”). Grades 3-6.

Books on five Ovigin of the Universe and the Earth

Astronomy Education Board. 2004, An Ancient
Unbverse: How Astronomiers Know the Vast Seale of Cosrmie
Time. Washingtor, DC: American Astronomical Soctety
and Astronamical Society of the Pacific,

A guiide for teachiers, students, and the public to
the methods astronemers have used to date the cosmos.

Didrymple, 6. Brent. 2008, Ancignt Earth, Ancient Sieles:
The Age of Earfhrand ls Cosmic Surroundings: Palo Alto,
C A: Stanford University Press.

A comprehensive dissussion of the evidence for
the ages of the Earth, Moon, meteorites, solar system,
galaxy, and universe,

Longair, Malcolm S, 2006, The Cosmic Centry: A History
of Astropiysics and Cosmology. New York: Cambridge.

A review of the historical development af astro-
physics and cosmoiogy, with an emphasis on the theo-
retical concepts that tie these fields fo other areas of
seience.
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Tyson, Neil D. 2007, Death by Black Hisle: Apd Ctier
Cosiric Quandaries. Naw York: W. W, Nortomn,

A collection of essays from Tyson's monthly
#Iniverse” cohumn in Natural History magasine on
how science works arid how we have come o undér-
sland our place in the universe.

Tyson, MNeil D, and Donald Coldsmith, 2004, Origirs:
Fonriven Billion Years of Cosmic Evolution, New York: W
W. Norton,

The comgarion book to the NOVA series
“Oyriging,” conveys e (test underitanding of the ori-
gin of the universe, gelaxies, stars, planets, and Life.

Weinberg, Staven, 1993, The First Threee Miantes: A
Afoderss View of the Origiv of the Liniterse. New York:
Basic Books.

An explanation of what happened during the Big
Bang.

Beoks on Genemics and Evelution

DeSialte; Rob; and Michael Yudell. 2004. Weleorme to the
Gengmies A blser’s Guide to the Genetic Past, Proserd, and
Byt New York: Wiley

Discusses the science, the applications, and the
potential of hunman genetics.

Ridley, Matt. 1999, Genane: The Autobizgraphy of a
Specics in 23 Chaptets. New York: HarperCollins.

A chromosome-by-chromosome investigation of
haw geretics research could change human life.

Wakson, James ., and Andtew Berry. 2003, DNA: The
Secref of Life. New York: Kniopf.

A histary of genetics written in part by the sclen-
tist who uncovered the structure of DNA.

Books on the Bvalution and Crestionism Controversy

Ayala, Prancisco ], 2006, Diprivi aned btelligent Desigi.
Minneapolis, MIN: Fortress Press.

A comparison of evolutionary theory with the
ideas proposied by the backers of “intelligent design
creafiorism.”

Baker, Catherine, and James B, Miller: 2006, The
Evolstion Dhiglogues: Scierce, Christianity, sl the
Guest for Understending. Washingten, DC: American
Assoclation for the Advancement of Sciance.

Alternating chapters present the findings of sci-
ence and the Chistian response to those findings ina
puiblicstion generated as patt of the dilogue om sci-
ence, ethics, and teligion sponsored by the AAAS.

Collins, Francis, 2006, The Language of God: A Seientist
Prasents Evidence for Belief. New York: Tree Press.

The director of the Hugan Gencme Froject
describies is religious beliefs in the context of his sci-
antific research.

Forrest, Barbara, and Paul . Gross. F04. Cregtionisnr's
Trtjans Harse: The Wedye of Trstelligent Design. New York:
Oxford Uriiversity Fress.

Aclose analysis of the positions and tactics faken
by the intedligent design branch of creationism.

Hhumes, Bdward, 2007, Monkey Girl: Epolution,
Education, Refigian, and the Battle for America’s Soul. Mew
York: HarperCoflins.

An eyewitness aceount of the Kitzmiller v, Dover
Aren Sehool Digtriet trial.

Kiteher, Philip. 2006, Livthg tith Dirwin: Evolution,
Plestgn, and the Fiare-of Faith: Mew York: Oxfoed
Ulniversidy Press.

A philosopher of science compares different ver-
sions of creatiorism to evolution while examining the
broader differences between religious and seientific
perspretves.

Matsumura, Malteen. Y905 Voices far Eoolution.
Berkeley, CA: National Center for Seience Education.
Continually updated at http:/ Jwviwancseweb.org/
article asplentegorys2.

A collection of statements supporting e
seaching of evolution frem many different types of
erganizations: scientific, civil liberties, veligious, and
aducational.

Miller, Kenneth R, 1999, Finding Davivin's Coid: A
Sciontist’s Search for Comusion Crotnd Betweert Ciod amd
Ewolution. Mew York: HarperCollins.

Abiolagist seels to reconcile evolutionary Hwery
with a belfef in God.

WMuoore, John A, 2002, Frons Gerests hr Grenetfcs: The Case
of Evelution anid Creatiorism. Perkeley, CA Untversity
ofCalifornia Press,

Ani asgament for the edueational iniportance oF
waching evolution.
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Wishtdn, Dorothy. 2008, The Creution Confreversiy Scieiee
or Seriptare in Sehoels, Lingoln, NE: {Universe, e

Asociologist of science examines the contraver-
sies i Kansas about teacking evolution asc questions
abeut fhe public’s trusk inscience.

Pennock, Robert T. 1999, Towar of Habel: The Evidence
At thie New Creationism. Cambridge, MA: MIT
Press.

A phifosopher of scdence analyzes “intelligent
design” and Athelatie sciance” creationism.

Permock, Robert T., ad. 001, Intelligent Design -
Crentioise and s Crifics: Priflosoplifcad, Theelogical, 81 d
Schntific Perspectives. Cambiidge, MaA: MIT Press.

" Aollection of papers by creatienis g5 ang theit
pribics; with @ partieuldr focus ol “ntelligent design
creaticitiém.”

E_’igﬁmci, Mussigne, 2002, Desying Fooluffn:
Creatinnism, Scientism, and the Neture of Science.
Sumndertand, MA: Sinauer Associates.

Examines the histery of the evolution /creation-
jsm “ddbate” and provides deailed infoenmtion sHowt
what the atther sees as fallacies by both creatipiists
A stientists. '

Ruse, Michasl. 2005, The Eorl ukioreCreation Straggle.
Cambrides, MA: Harvard Liniversity Press.

& history of the Feaction to- Dariwird's ideas that
offers constructive suggestions for advocates on both
sides of the diehate.

Seot, Pugerie: 2005. Evolidion vs, Creationism: An
[traduction, Berkeley, CA: Uiniversity of California
Press,

Wittten by the execuitive director of the Natenal
Center for Science Edugation, this sutvey oF the Tssues.
surrouncing debates.over evolution and creatdon-
s dncludes auefirt Hsts of priviaty documents and
PESOLLICES.

Spott, Eugenic; and Glern Braricly eds. 26, Not in
Ohr Classrooms: Why batelligent Design Ts Wrany, for Cur
Sehunls. Boston, MA: Bedeon Press.

A collection of essays that examines the history of
sintelligent design creationism” and the tega! contro-
verses surrounding its mtroduction into public school
classronms.
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Bruce Alberts (NAS) Is-professor of Mochemstry
ard biophysics at the University of California, 8an
Francisco. His resgareh has focused on the mecha-
prisms of two different reactions that are fundamental
# the life of the cell. He fs noted particularly for is
itensive study of fhe protein complexes that allow
chromoesomes to be replicated, asrequired fora living
#el] to divide.

Alberis is sne of the original awthors of The Melecst:
lar Biolugy of the Cell, considered the field’s leadting
advapced textbook and used widely v LL5, colleges
arsd universities. Flis most recent fent, Essentinl Cell
Binlogy, s irsenched to present this sublject matter 17
& vider pudience,

He was president ol the Nationa Academy wf
Geiencendmd chair of the National Researsh Council
frorh 1993 to 2005, He continpes B sérve as af ex
cificio mentber of fhe National Academies Teacher
Advigery Council, whish heinifiated. Commitied to
itnproving science education, he helped initiate angl
develop City Science, & program that links LHCSE to
the improvernent of scence teaching in San Frangisco
dlementary schools,

Francisco . Ayala (Committee Chair, NAS) is univer
sity professor and Dorald Bren professor of biclogica!
aciences and professor of philosophy at the Uriversity
of Califorsia, Irvine. His research focuses on popula-
thon and svelutionary genetics, The study of biological
@volution Is his maln interest, particularly the genetics
of the evelutionary process, molecular evolution, the
process of speciation, genetic variation irr pogula-
tions, studies of population growih and dynamics,
and ecelogical competition. He alse writes about the
interface betyween religion and science, and &n philo-
sophical issuas eohcemning epistemology, ethics, and
the philosophy of biulagy. His Tresolkes tnclude Humen
Evalution: Trails from the Past, Darwin's Gift to Seience
and Religion, Darwin and Tntelligent Design, Populttion
aind Fralstiopary Genetics: A Primer, Evolvings The Theary
il Provesses of Orgunde Evalution, drd Studies in the
Phflosaphy of Bloligy. He testified in the Arkansas trial
i therraching of evelution in 1981

He has been president and chatrman of the board
of the American Association for the Advancement
of Science and president of Sigma Xi, the scientific
resaarch society of the United States, He has received

awards from many organizations worldwide, as well
as honotary degrees from universities in Europe, Asia,
and the United States. bn 2002, Prasident George W.
Bush awarded him the National Medal of cience.

Mary R. Berebaum (NAS) is the Swanlund professor
and head of the Departinent of Entomelogy at the
University of flinois at Urbana-Cham palgn. She has
made major contributions to understanding the role
of chemistey in intemctions between plants arcl her-
iverus insecteand identifying key plant toxins and
determining their modes of action against insects. Her
investigations have examined proximate physiclogicsl
mechanisms and their evolotionary consequences for
buoth plants and insects. Her research interests include
chemical ecology, insect-plant inseractions, the evolu-
Gonary biology of moths and butterfiies {Lepidoptera),
photobiology, and enviconmen tally sustairable pest
maragement.

Shie has received awards from the National Selence
Peomelation, the Beologioal Siciety of Amebica, the
Weizmanu stitute, and the International Society
of Chieinies! Beology. She is an elected fellow of the
Entomulogical Society of America, the American
Academy gl Arts and Stienges, and the American
Phitlostphical Society.

She is 4 member of the editorfal board of the
Proceedings of the National Acadewty of Sciences ancl
a recent member of the Council of the National
Academy of Sciences. As a result of her inferest in
promoting sclence literacy, she has authoved many
newspaper and magazine articles and four bessks on
sefence topics for general readers.

Betty Carvellas is a revently retired teacher and
science department cochair at Essex High School in
Essex Junction, Vermont. Her pmfessimnai service
inchuded work at the local, state, and natienal fevels.
She served as cochair of the edugation committee and
was a member of the executive board of the Coundil of
Scientific Society Presidents and s a past president of
the National Association of Biolagy Teachers.

She received: the Sigma Xi Qutstanding Vermont
Science Teacher Award (1981) and the Presidential
Awaid for Excellence in Sclence and Mathematices
Tenching (1984), and i 2000 she was named honor-
ary memberof the National Assogiation of Hiology
Teachers. In 2001 she was selected for o National
Science Foundation program, Teachers Experiencing
Antarctica and the Arctic, and she has spenit four
summers working with sclentists in the Bering Ses
and the Arctic Ocear. She was a charter member and
chair of the Vermont Standards Board for Professional

&0 SCIENCE, EVOLUTION, AND CREATIONISM

Copyright € National Academy of Seences. All rights reserved.

SUPP-77



Hoianes, Evoliition, and Creationism
hitpy/vnin. nag e duicatalog/ 1878 himI

Educators andd served on the board of directors of the
Bislogical Sciences Curricalum Study.

Her interests Fnelude interdisciphinary teaching,
commecting school science {o the real world, wavel-
ing dwith students on internativinal feld studies,
and Bringing inquiry inte the sdence dassroom.
Carvallas wiis.a charter montbes of the Teacher
Advisiry Council of the National Academies, and
she served as dhair of Sie ad hoo comaiittee that
orgatized its 3004 workshop on linking mandatory
professional development to high-quality teaching
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$ichael T. Clegg (NAS) s Donald Bren professor

of Biological sciences at the University of California,
Irvine. He is an authority on the evolution of comples
genetic systems and is recogrized internationally for
his contributions o undesstanding the genetic and
ecological basis for adaptive evolutionary changes

in populations and at higher taxonosnic levels. He is
interested in the population geneties of planks, plant
mlamdar seolution, statistical estisms fon of gepetic
parameters, plapt plgdageny, plant genetic tia fsmis-
won and molecubr genstics, arcl genetic consarvation
in agriculture.

Clegg is an ex efficio member of 29 Mational
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the Internetional Advisory Boawd and a member of the
Inteiina tional Programs Comumittee. He is currently
serving as foretge secretary of the National Acadeniy
afSciences, He chaired fhe delegation to the 26th
General Assembly of the International Courcil for
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G. Brent Dalrymple (NAS) is professer and dean
emgritus of oceanic and stmospheric scences at
Oregon Stare University. Hle s a geochronologist whao
helped lay the basis for ecean-floor spreading thieory,
the hotspot fhecry of mid-pcean volcanism, the use of
mantle plumes as the absolute frame for plate motion
through geologic history, fine-structure stratigraphy
of the lunar regolith, and lunar cratering history. His
primary research interests involve the development
and improvemeant of tsotopic dating technigues, in
particular the K-Ar and i p e /39 Ay methods, and their
application to & broad range of geological and gec-
physical problems.

Daleymple is the author of The Age of the Eartit as
well #s a shorter version tiled Andent Eargh, Ancient
Sheies. His recent research invalves a series of experi-
menis to-determine e histery of bosibardment of the
Moon by large impaciors amd of the resulting lunar
basin formation. He testified in the landmark federal

cases on evolution education, MoLesr o Arkensas and
Aguiltard v, Treen.

He ks a fellow of the American Geophysical Union,
serving as president and a member of the board of
Airectors, and $16 American Academy of Arts and
Sefentes. He meeived the 2001 Pultlic Service Awvard
from e Ceological Society of America and fie 2003
Natiopal Medal of Seience.

Robert M, Hazen is a research scientist af the Carnegie-
Treitution of Waghington's Geophysical Laboratory
and the Clarence Robinson professor of earth sclence ai
Ceorge Mason University. Fiis recent resenrch focuses
an the role of minetals in the origin of life, including
such processes as mineral-citalysed organic synthe-
sisand the selective adsogpiion of organic molecules
on mineral surfoces. He is the author of Genesis: The
Scheniific Quest for Life's Origins, The New Alchemists,
Why Aren’t Black Holes Black?, The Diawiond Makers, anel
mare than 260 scientific papers.

Hazen isactivatn g ing seience to a general
andience. At George Mason University he has devel-
oped courses and companion texks on sciertific Hiacy,
His Books with coauthor James Teefil Include Sciense
Kattars: Achieving Scientific Literacy and The Seiences:
A Ditegrated Apprasch, He also served on the team
ofweters for the NRC's National Science Eduestion
Seamdards and the National Academy’s Taaching Al
Evplytivramd the Nofure of Sciense.

e serves on the Cormittesan Pubilic Undesstanding
of Science and Tedhnology of the Aumerlean Associafion
For the Advancemiant of Stience and on advisory boards
s NOVA (WGHH, Boston), Barth & Sky (PES), the
Encyclopedia Americana, and the Carnegie Coundil.
He appears frequently on radio and tefevision pro-

o wen el reay o F . ] " Gy,
grams on sclence, and he recorded The Joy of Stience,

a tilecture video course produged by The Teaching
Company,

He was recently elected president of the Mineralogical
Society of America. A fellow of the American Association
ferr e Advarncement of Scire, he has received awards
froen the Mineralogival Seciely of Ametica, the
American Chermial Society, the American Society of
Composers, Authors, and Publishers, the Educationa)
[ress Assodation, and the A merican Crystallographic
Assoclation.

Taby M. Hom is codirector of the Carmegle Academy
For Science Education at the Carnegie Institution of
Washington, DC. In this capacity she works directly
with teachers it the District of Cohumbla public
schools, both in workshops and in their classtooms,
0 help themimprove instrugtion in science, math-
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ematics, and technology. She also works with the
DC. public schoel system to assist teachers in obtain-
ing the necessary supplies for teaching sclerice and
‘bietechnalogy. Hom i an instructor in fhe academy’s
First Light Saturday science program for middle sehoot
students in DC. public and clitrter schools.
Prior to jeining Camegle, Horn taught at the
Thomas. Jefferson High School for Sefence and
Fechrwlogy in Baiefax County, Va,, and astablished] one
of the first precollege bistechnology programs thews.
Sl nlso served for two years as outreach coarding-
tor for Hie Fralin Biotectmology Center at Virginia
Poliptacknic Institute and State University.
Forn was the 2006 president of the Natioual
Assockation of Biology Teachers. As 4 staff fellow
at fhe National Cancer Institute, she stucied FINA
sequentes thought ta be asseciited with. breast cancer

Nangy A. Moran (NAS) i Hegents' professor of gyl
agy and evolutionary biology at the University of
Arizoma, She is active in interdisciptinary graduste
training in evolutionary genomics apd has taught evo-
Jutipnary biciogy and genomics at the undergraduate,
graduate, and high school [evels. Her research focuses
o, the role of symbiotic interactions in scology and
evolution and involves fundarmnental evolutionary
forces, such ag mutation, gene iranster, natural selec-
tiem, and ecologica] diversification. Using approaches
from molecular evelution, systematics, genomics, and
population genetics, she wuorks extensively with both
bactetia and insects and their ecological interachions.
Her work has shown that many groups of insects have
coevolved with bacterial symbionts for millions of
years, that these symbionts supply frutriends o their
higsts, allowing diversification into new ecclogionl
niches, and that the symbionts have undergone exten-
sive genome reduetion through loss of most ancestial
genes. Most of her work 1s on groups of insects, such
as aphids, that are major agricultural pests,

Moran has served as president of the Society for
e Stucty of Evolution and as vice prasident of the
American Society of Maturalists. She is a fallow of the
American Acadeniy of Microbiology and a recipient of
a MagArfhur Foundaton fellowship.

Gilbert §. Omenn (IOM) is profassor of intermal medi-
cine, human genetics, and public heatth and director
of the Center for Cormputational Medicine and Biology
at the University of Michigan. He Is principal investi-
gator of the Michigan Proteotnics Alliance for Carncer
Research and leader of the intermational Human
Protenme Organizations Human Plasma Proteame
Project.

His research ivterests include cancer proteamics,
chemoprevention of cancers, public health genetics,
science-basexd risk anatysis, and health policy. He was
priicipal investigator of the beta-Carotene angl Retinol
Efficacy Trial (CARET) of preveniive agants agsinst
hung cancer and heart disaase, director of the Center
for Health Prometion in-Older Adults, and creator of
& universify-wide initistive or. Fublic Health Genetics
in Bhical, Legal, and Palicy Context while at te
University of Washington and Fred Hutchinson Cancer
Rescarch Center. He s a longtime director of Amgan
fnc. and of Rohm & Haas Company. He was president
of the American Association for the Advancerment of
Scienive 1 2005-2606.

He jsa member of the American Acadenny of Arts
and Sciences, the Asseriation of American Physichins,
and the Ametican College of Physicians, He chaired
the presidential /congresslonal Cornmisston on Risk
Assessment andh Risk Management, served on the
National Commission on the Envimnment, and chaired
fhe National Academies’ Committee on Science,
Engineering, and Public Folicy.

Robert T. Pennock is professor of history and philoso-
phy of sclence at Michigan State University, whepe hie is
an the faculty of the Lyman Briggs College of Science,
the Prilesophy Departiment, and the Department of

Computer Science, as well as the Center for Ethics

and Humanities in the Life Sefences and the Ecology,
Evolationary Biology, and Behavior graduate program.
Flis tesearch intesests include the philosophy of biology
and the relationship of epistemic and ethical values in
sclence.

Pennock is the author of Tower of Babel: The Evidence
Agatnst the New Creationizm and Intelligent Design
Creatipriiam aud Iis Crivies: Philovopideal, Theological, and
Seientific Perspectives. He testified in the cage on the
weaching of intelligent design creationism, Kitznriller v
Dwer Aven Schoel District.

Pennock has received fellowships from the Mellon
Foundation, the National Endowment for the
Humanities, and the Natlonal Science Feundation.
He isa fellow of the Amesican Association for the
Advancement of Science anid serves on its Cominittse
on the Public Understanding of Sclence, as well as the
American Philosophical Association’s Cominitiee on
Public Philosaphy. He is chair of the education conmit-
ke of the Society for the Study of Evolution and is cus-
rently working an a book examining how Darwinian
evolution, as an abstract thecretical model, can be
applied practically beyond biology.
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Pater H, Raven (NAS) is the Enge fnanm professer of
Botamy at Washington University and director of tha
Wlissotiri Botanical Garden i St Touis, He1s a conser-
itiarist whe his transformed the Missout! Bestaiical
Garden ifto ane of the world'sleading plant conser-
vation: centers. His primary research interests are the
systematics, evolution, and biogeography of the plant
famifly Onagraceae, which includes 16 geners and some
450 apecies. This family of plants has provided power-
ful models for undesstanding patterns and processes in
plantavelutivn in geneal- Anpther particulat itefest
i plagit biogeography — the gvolutionary history of
sntire Bicta and the individual taxa found in cerain
regions — and the ways in which these rrganisms
Isive been influenced by continental wmovemenis. He
has focused much of his atten tion pn what he gonsid-
ers the menace af a “sixth extinction” — a potential
(mass extinetion of living erganisms that would be
prought about by the mushrooming human popidlation
and by human cerelessness and commernce.

Raver's service to natienal and international
erganizations has included president of the Amerizan
Assoctation for the Advancement of Science, member
of the Pontifical Academy of Brience, home secretary
of thie 11.8. National Academy of Sciences, mem ber of
the President’s Cominities of Advisers o Sclence and
Techrology, and chainaan of the Kational Geographic
Seciety s Commitiee for Research arid Explotation. He
has received Guggerheim and MacAre Faumitation
fellowships. Tme magazine, In fts 1999 Barth Bay
jssue, declated that Ravertis one of fte “Heroes of the
Planet” for what he is doing “to preserve and protect
the snvironent.”

Babara A. Schaal (NAS) is fiee Spencer T Olin profes-
sorof biclogy at Washingion University S, Lovuis, Fler
investgations have focused on the genetic heteroge
neity of plant species, induding those native ko the
United States, tropical erops and fheir wikd relutives,
and the family of plants called 4 rubidoypsis. She uses a
variety of molecular markers in several plant species
o study fundamental evoltionary processes, such as
gene migration, molecutar evelution, and natural selec-
tion. Her application of DINA rnalysis to plant evolu-
tian ak the population level has revealed unexpectedly
Righ levels of diversity, has led ko fhe development
of DNA fingerprinting in plants, and has helped
explain the reasens for this fevel of diversity. She has
been invoived with work that has identifiec the wild
proganitor of cassiva and the probable geographical
Yorattem of its domestication n the Amazon region of
Beawil. She has also examined the evolutionidry arigins
of invasive plants that encroaclvorn wetands. in the

srestern Utiited States, Her serent work hasexamined
gene flaw hetwasn genptically modifisd vice and Wwild
relattvas of rice.

Selal custentlyserves.as the vice president of the
Natioma! Academy of Sciences. She has also bewit presi-
dent of the Society for the Study of Evelution and the
Botanical Soclety of Ameriea

Neil deGrasse Tyson is the Frederick P Rose director
of the Hayden PFlanetarium at the American Musesum
oF Natural Fistory. His reseatch inberests include star
Fopmation, exploding stars, dwarf galaxies, and the
structure of the Milky Way.

Tyson lias served on presid eriial commissions that
syudied the ftuze of the U115, sarpspaca inchustry (2001)
and the implementation of the U S. space axploration
pelicy (2004). A winper of the Public Service Medal of
the Naticha! Aeronawtics and Space Administration,
the highestaward given to a nore-civil servant, Tyson
currently serves on NASA's advisory council.

I additien to his professional publications, Tyrsem
also wiites for the public. He ls an essayist forr Mafwral
History magazine and e auther of The Shy I Not she
Fimiit: Advenbires of an Urbun Astrophysicist and Chrigdus:
Forrtaen Billios Years of Cosie Foolusion, cowritten with
Danald Goidsmithe He serdesas fhe host andexecie
siveeditot for fie PES-NOVA program “NOVA Scierce
Now,” in-which each episode profiles the frontier ofaci-
anfific discovery drawn from such flelds as chesmdstry,
Bology, geology physics, robetcs, and astropliysios.

Tyson is the recipient of eight henorary dectoral
degress and currently serves as president of the
Planetary Saciety. His contributions 1o public apprecia-
tiom of the cosmos have recently been recoghized by
the International Astronomical Union in their official
naming of the asteroid “13123 Tyson.”

Hally A. Wichman is professar of biological sciences at
the University of Idaho and cofounder of the interdisci-
plinary initiative for Bisinformatics and Evolutionary
Studies. She teaches courses In genetics, experitmental
biglogy, and professicnal development for graduate
students. Her reseatch foeuses on genore organiza-
vion i mammals and on experimental evolution using
viruses as s model system. Her work on miammalian
retrotransposons is catried out i o strong phylogenet
ic framework; she has examined retraransposon evo-
fytion in monotremes, marsupials, and all 18 crders
af placental mammals. This work focuses primarily
on events that gcourred tens of millions of years ago.
Fuwever, short-term evalution of organisis with gen-
eration times fhat are short relative to that of humans
can be observed in teal time, both in the laboratory
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riophage X174 and its relatives to study themoletular .
Jetails of adaptive evelution. She stadies the paterns B1OG RAPHI ES
amd precicabilityof adaptation 1 novil grdingmn-
mengs such 48 host switthing.
Widhinag is also Trterested in applications af evo-

lutionary biodogy to prac tical problems In irdustry, Jay B. Labov serves as a seniof advisoe for educa-
agricdlfure, and medicine. Tn 2001, she coauthnred a fion and communications for the National Academy
coriprehensive review article on applisd evolutiai © of Selences and the National Research Council. He
affer examptles for tiwse who teach at the high school alsa served for three years as deputy director of the
arid wndetgmduate levels; i mmains ohe of the most National Research Coungil’s Centes for Bducation
devnloaded ariicles n the Amsual Reveie of Ebolopy At was the study disector and responsible staff

i Systeowtics series, This year hestapaidged the wificEr forr fhe NBC repoits B ihancing Brofessiondl
National Institutes of Frelth's Wonkshop g Evalution Degelopment for Teachers: Pofertil Uses of Inforniition
of Trfestions Digeases and participated fntheNational  Technalogy, Repoit of n Workshop ( J067); Evaluating
Scianice Foundation’s Workshiopoh Frontisfs in ard Tmproviig Uhidergraduate Traching in Seiguce.
Eyolutionary Biolagy: Mithepatics, Engineering, nnd Tochpology (2003);
Learntig and: Understanding: Tmproving Advanced
eudy of Muihenighics avid Seience in ULS. High Schaals
(2002); Educating Teachers 0f Seieper, Mathematics,
and Technology: New Practices for the Mew Millenntin
(2000); Transhreneing Undergraduate Education in Soene,
Mathematics, Engineering. aud Technelogy (19991
Servjng the Needs of Pre-College Science and Mathemaiics
Educaiion: Impact of & Digital Natsonal Library on Teacher
Education and Practice (1998); and Develaping a Dyigitad
Wational Litrary for Undergradnate Science, Mathematics,
Engineering, and Techimlogy Education (1998).

i niso carrently oversees. the National Acacknries’
activities o impmove the teachirng of evolution inpublic
scheols and a recently expanded effort @ work more
closely with disciplinary and professional societies o%
education issues, Hehas worked with meny national
vtganizations wnd professional sucieties to Limprove
acience education for both precollege and undergradu-
ate students. Fle was elected as a Fellow In Bducation
of the American Assoctation for the Advancentent of
Setence in 2605,

Fdward Maibach is professor and director of the Center
of Excellence in Climate Change Commurication
Raseatch at Ceorge Mason University. D Matbach

i & highly experienced public health advocate and
sacial change professianal and a Jeading academic in
the fald of communication research, His work over
the past 25 years has helped to defing the fields of
public health communication and social marketng,
and his Book Designing Health Messages: Apjrroaches
from Contnptriication Theory and Public Health Practice is
widely used by academics end practitioners alike. He
earned his PhID in communication research from
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Stanford Lintversity in 1990, He has had the pleasute
of serving as Woildwide Director of Social Marketing
for Forter Novelll, as an associate diveckar of the
Nationa] Cancer Treititute, and i variows previous
poadBmic posivons,

Breve Qlson is the author of Mugping Hunun History:
Cenes, Race, wind Ouer Cornon. Ovigius, a finalist for

the 2002 nentiction Watiora] Book Award and win-
per of the Science-in-Society Award from the National
Absociation of Science Writers. His vevent book, Court
Ernoyr: Six Kids Vie for Glary at the World's Toughest Math
Compelition, was named a best scienice book of 2084 by
Diover agazine. Ha has wiritten several other books,
inctuding Evokstion im Hawail and On Being a Scientis!,
i has been a consultant writer for ihe National
Academy of Sviencesand the National Research
Coundit the Howard Hughes Medical Institute, the
Kational Institutes of Health, the Institute for Genomic
Femearch, and many other organizations.

Barbara Khne Pope i executive director fow com-
munizations and the Natlonal Academies Press. Shie
is respansible for an innovative and dynamic publish-
ing operation of both scholarly and trade books that
have besn. available or the Web free to read since 1995,
Brending, marketing and audience research, dervative
prochucts, partneeships and distribution systems,-and
the public Web presence for the National Academies
sccupy herBine n the commimications aspects-of her
swork. Recertt research articles she has authored focus
pn Hie discipline of congamer behavior and inclucle
specific projects o business models for the digttal
publighing arena ang the use of information sources
By organizational buyers. She tus beei guest lecturer
for marketing and technology courses at the University
of Maeyland and an adjunet faculty member at the
University of Virginia's continuing education program.
She s on the board of directors of Hands On Holence
Gatreach, a ponprofit organization thist provides high-
guality after-schoo] science programs for chldren.
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theory, 3, 11,12, 1

Evolatiomary biology

agriculngral applivations, 6

inelustifal applieations, 9

wedical applichtions, 5

peaetical value, xi, 5-6, 47

SCIENCE. EVOLUTION, AND CREATIONISM 67

Copyright @ National Academy of Sclences. All rights reserved.

SuUPP-84



Selends, Evolution, and Créatioplem.
Rt/ ta g ediicatalogitd Bigntml

Evotutionary developmental biclogy, &i, 30
Eye, complexity of, 40, 41

E
Fishes, 1, 243, 46, 7, 23,24, 75, 30, 41
Bessil vecord, xi, xif, «iit
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