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My written testimony consists of four parts:

1. A general analysis of the science textbook adoption process in Texas by the State Board of Education.

2. Answers to the written testimony of the Discovery Institute and to other questions members of the SBOE asked me about evolution and the methods of science. 

3. A detailed scientific review and exposé of the new "Texans for Better Science Education" advocacy website by creationist Mark Ramsey of the Greater Houston Creation Association.

4. A copy of "Icons of Evolution?" by vertebrate paleontologist Alan Gishlick of the National Center for Science Education, which is the most detailed scientific review and refutation of the pseudoscientific book Icons of Evolution by creationist Jonathan Wells of the Discovery Institute.

Part 1. Science Textbook Adoption in Texas
Introduction
The wisest and most responsible strategy of centralized state textbook adoption is to simply adopt textbooks written by experts in their field. In the case of science textbooks, this means books written by scientists and science educators are the most reliable and acceptable. It is, of course, entirely appropriate that a state that has a centralized adoption process--and the considerable resources necessary to perform the tasks--that the textbooks be examined (1) for errors of fact by independent science experts, (2) to ensure that they meet the state science curriculum requirements (in Texas, the TEKS, Texas Essentials of Knowledge and Skills), and (3) to ensure that they contain content about scientific information, theories, and controversies when appropriate that encourages critical thinking by students. Most importantly, by law the SBOE must adopt every textbook submitted that meets these requirements (and a fourth requirement--possessing a sturdy binding--that will not be considered here).

The reason for the first task is because school textbooks, including science textbooks, are written by scientists, science educators, and often non-scientist editors who are not experts about every topic in a discipline, and the textbooks often do contain factual errors. In my 22 years of teaching college science courses and reviewing high school science textbooks, I have found dozens of errors in both high school and college science textbooks. You might think these errors would be eliminated over successive editions as textbooks are repeatedly reviewed by independent editors and rewritten by authors, but surprisingly they are not, and new errors inevitably creep in. The number of errors and the quality of the scientific content varies among publishers and authors, so this is a legitimate matter of concern to centralized adopters (indeed, it is a matter of concern to independent school districts across the country that adopt textbooks locally and individually). So I heartily endorse the process of having expert science textbook panels review the textbooks for factual errors.

The Texas Education Code, §31.023, requires that textbooks be "free from factual errors." The Texas adoption process does thankfully check for factual errors and the members of the SBOE have the proper power to reject textbooks that contain factual errors or--as is usually the case--allow the publishers to correct errors brought to their attention to permit adoption. The concern (for potential abuse of the process) here is that an alleged "factual error" actually be a true error, and not a scientific or historical fact that a SBOE member disagrees with for political, religious, or ideological reasons and wishes to term an "error." Whether a statement is a factual error or not must be ascertained by the testimony of presumed experts; in Texas, this expert testimony would include that of the Texas Education Agency science staff, the scientist and science educator members of the appointed science textbook review panels, and the scientist and science educator witnesses who testify at SBOE hearings. It is irresponsible and unwise for SBOE members to substitute their own fallible  and uninformed opinions about science facts for those of recognized and trained specialists in the scientific disciplines. I urge the SBOE members not to do this.

The reason for the second task is also obvious: textbooks should cover the topics required by a state's curriculum requirements. For the purposes of this analysis, I will stipulate that the TEKS is a satisfactory state science curriculum standard. Textbooks that cover all the TEKS are put on a conforming list of acceptable books, while those that cover at least half but not all of the TEKS are put on a nonconforming list. School districts overwhelmingly adopt textbooks from the conforming list. I have been told that textbooks on the nonconforming list--that could contain 99.99% of the TEKS requirements--are almost never adopted, and being put on the nonconforming list is equivalent to receiving a "kiss of death." The concern (for potential abuse of the process) here is that the SBOE will adopt biology textbooks but put them on the nonconforming list if they fail to include the bogus "weaknesses" about evolution that the Discovery Institute and some Board members are attempting to illegitimately force into the text. Publishers that agree to censor their textbooks will be placed on the conforming list of adopted books and thus will be purchased by the state in far greater amounts.

If this description of abuse of the process actually transpires, publishers with integrity--who refuse to censor their textbooks according to the political, religious, or ideological biases of SBOE members--will find their books placed on the nonconforming list (or on the rejected list), and will feel aggrieved and have a potentially actionable cause for litigation. If their biology books actually contain no factual errors, and this can be attested to scientist witnesses, then biology textbook publishers will have financial incentive to sue the SBOE if their books are not adopted because they failed to make the conforming list. The publisher of an environmental science textbook, Jones and Bartlett, last year found themselves in this position. Their book was illegally rejected by the SBOE because the publishers refused to make an inaccurate and unscientific change of a passage which said that "too many people reproducing too quickly" could be harmful to the environment. The market for environmental science textbooks in Texas is small, with no financial incentive for Jones and Bartlett to litigate. But the biology textbook market in Texas is worth hundreds of millions of dollars over the eight year adoption cycle, so publishers of biology textbooks may feel compelled to act differently if they find themselves in the same situation as publishers of environmental science books.

The reason for the third task is to ensure that textbooks are adopted that enable students to "analyze, review, and critique scientific explanations, including hypotheses and theories,

as to their strengths and weaknesses using scientific evidence and information" (TEKS §112.43c(3)A). Every educator, including myself, is eager for students to master critical thinking skills, for such skills enable a student to analyze, investigate, reason, and reach reliable conclusions about important intellectual topics, for these educational abilities will be valuable for any person throughout life. Just below in this written testimony I will discuss the history and rationale of the (3)A requirement, the reason for its peculiar and rather unscientific wording, the fact that it is really unnecessary, and the problem that if it were to be rigorously enforced it would be pedagogically counterproductive.

But for now let me acknowledge and accept the TEKS §112.43c(3)A requirement, but point out that for this requirement to be met three factors are necessary: First, to be treated properly in textbooks, all "scientific explanations, including hypotheses and theories" must be presented in a fashion that enables students to "analyze, review, and critique . . . their strengths and weaknesses"; it is impermissible to focus on a single explanation or theory for both pedagogical and legal reasons. Second, since many scientific explanations do not have "weaknesses," problems, controversies, and disagreements, it is impermissible to fabricate bogus "weaknesses" to force into textbooks using requirement (3)A as a justification. Third, requirement (3)A explicitly says that the ability to analyze, review, and critique the strengths and weaknesses of scientific explanations be based on "scientific evidence and information" (emphasis added); it is impermissible to use non-scientific or pseudoscientific evidence, information, and arguments for this purpose.

As with the first two tasks, the concern (for potential abuse of the process) here is that some SBOE members will use TEKS (3)A as a justification to (1) focus only on the topic of evolution as the place to insert "weaknesses," (2) hold up the occurrence of evolution--as the natural process generating ancestral-descendant relationships among taxa--as an explanation to exhibit fabricated, bogus "weaknesses" when in fact it has none (this explanation is completely accepted by all biologists), and (3) use pseudoscientific arguments and evidence from the Discovery Institute to create "weaknesses" to cast doubt on both the occurrence and theory of evolution.

TEKS §112.43(c)(3)A

The rationale for factual and error-free science textbooks and for textbooks that treat the totality of a state's science curriculum requirements is beyond dispute. However, Texas has a third requirement that is more unusual. This is TEKS §112.43(c)(3)A, which fully stated is as follows:

The student uses critical thinking and scientific problem solving to make informed decisions. The student is expected to analyze, review, and critique scientific explanations, including hypotheses and theories, as to their strengths and weaknesses using scientific evidence and information.

I promised to explain the history and rationale of the (3)A requirement, the reason for its peculiar and rather unscientific wording, the fact that it is scientifically unnecessary in any K-12 educational setting, and the problem that if it were to be rigorously enforced it would be pedagogically counterproductive. Let's turn to this now.

TEKS (3)A was added to the newly created TEKS curriculum adopted for 1998, but the phrase existed in earlier state curricula. Throughout the 1970's and early 1980's, an earlier SBOE had a textbook rule that mandated that an anti-evolution disclaimer be placed inside the front cover of every biology textbook. Two organizations, People for the American Way and the Texas Council for Science Education (my earlier organization) fought against this rule throughout 1983-1984. We succeeded in 1984 when Texas Attorney General Jim Mattox ruled that the disclaimer rule was a violation of the Constitution and must be removed. The removal of this egregious and scientifically-mendacious rule was the ultimate impetus for the new rule now known as TEKS (3)A. This rule was deliberately adopted by the SBOE to deal with the topic of evolution in biology textbooks in Texas, because unlike most states, ours has a high number of religious fundamentalists who object to teaching evolution to students and who frequently find themselves elected to the State Board of Education.

The rule was written by Board Member Will Davis, who thought it would end the continuing and acrimonious debate that occurred every time biology textbooks were adopted. I vividly remember discussing this phrase with Mr. Davis sometime in the mid to late 1980's when it was proposed for adoption: I objected to its potential adoption, saying that creationists would try to use the phrase to sneak unscientific, anti-evolution content into the books using the requirement as a spurious justification. I also used some of the arguments I repeat below. Mr. Davis replied that the requirement was adopted specifically to placate creationist critics and it was needed to move ahead with biology textbook adoption. He also replied by saying that the requirement specifically refers to "scientific evidence and information," and that if there is no such scientific evidence against evolution, then creationists would not be able to insert this material, and it would be mine and other scientists' responsibility to make sure this didn't happen.

Another important fact surrounding TEKS (3)A is that since it is illegal for a state government body to adopt any rule that focuses squarely on the topic of evolution (federal courts have ruled that this constitutes establishment of religion), so any rule must be adopted as a general application to all scientific inquiry, one that does not single out for its requirements any single theory or topic of one scientific field (such as evolution in biology). Thus, the (3)A rule is also found in the TEKS textbook requirements for high school physics, chemistry, environmental systems, integrated physics and chemistry, aquatic science, astronomy, and geology, meteorology, and oceanography, as well as biology. This is both appropriate and legal for any rule that requires specific content, but it places the additional burden on those who wish to invoke the rule in biology textbooks that they must do precisely the same for every other science textbook used in Texas. If the SBOE only invokes or enforces the rule for the topic of evolution in biology textbooks, this practice is as illegal as writing the rule only for evolution in biology textbooks. I only point out that the present SBOE is thus acting illegally (violating the Establishment Clause of the First Amendment to the Constitution) by focusing solely on evolution, and this fact will be an issue in any future litigation.
Now we are at a juncture when we must squarely face the implications of TEKS (3)A. The rule is certainly going to be used by creationists on the SBOE to justify inserting scientifically misleading and unwarranted content about evolution into biology textbooks by claiming that the rule requires that scientific "weaknesses" and well as "strengths" be covered for hypotheses and theories. And if such "weaknesses" are not included, the SBOE will place the offending books on the nonconforming list and consign them to marketing hell. For example, SBOE member Teri Leo (SBOE textbook adoption public hearing, July 9, 2003) has stated the following:

There are those today that would censor out all credible science that opposes Darwinian evolution. By presenting scientific controversy realistically, students will learn how to evaluate competing interpretations in light of evidence. However, books reviewed to this day, in my opinion, do not include scientific weaknesses to the biologic theory of evolution. Hence, if no changes are made to the textbooks, the rules of this Board say they must be rejected as nonconforming until such scientific weaknesses can be incorporated into the texts.

In addition, SBOE member Don McLeroy (SBOE textbook adoption public hearing, July 9, 2003) stated the following:

Unfortunately, the TEA review panel have certified the books as conforming if just some theories and hypotheses had just some strengths and weaknesses mentioned in the book. This is not the correct interpretation. TEKS 3A requires each and every hypothesis and theory. And each of those must have strengths and weaknesses covered. . . . During a discussion on whether to place a book on the nonconforming list for its failure to present weaknesses of evolution, the minutes record . . . that the State Board of Education expects strengths and weaknesses to be included in books. . . . Since the TEA did not correctly direct the review panels in their proper responsibilities, the Board should not accept the review panels' findings on the biology books. [T]his leaves the responsibility to the State Board of Education, [which] has authority to determine whether the material is sufficient to address the TEKS.

There is no question that TEKS (3)A is going to be the primary means used by creationists to try to debilitate the coverage of evolution and the origin of life in biology textbooks by attempting to insert "weaknesses" about evolution into them. This action would debilitate, dumb-down, and weaken the scientific coverage of evolution in biology textbooks, ensuring that students would receive a third-rate science education in Texas. The reasons inserting "weaknesses" would damage science education and not--as alleged by anti-evolutionist critics--improve critical thinking are complex but not mysterious. I will list them all here and then summarize them collectively and briefly:

1. "Weaknesses" is not a term that scientists usually use to describe scientific explanations, hypotheses, and theories. Rather, scientists speak of problems, controversies, disagreements, criticisms, knowledge gaps, and even mysteries. A scientist might casually characterize another scientist's explanation or hypothesis as having "weaknesses," but this would rarely be stated formally in a science book or journal.

2. The idea of "strengths and weaknesses" of "scientific hypotheses and theories" is misleading. Hypotheses are tentative explanations that must be tested; their outstanding weakness is that they have not been corroborated or confirmed. Once tested and corroborated, the explanations become reliable knowledge and are no longer hypothetical. They are incorporated into theories which themselves are extremely reliable and have few or no weaknesses (only gaps in knowledge). About the only real hypotheses that one might encounter in an introductory biology book are different hypotheses about the origin of life (there are four or five major ones and about a dozen minor ones).

3. Introductory science textbooks rarely contain hypotheses; they almost always only contain reliable knowledge in the form of what would popularly be termed facts, and this includes theories, which are as reliable and factual as anything humans know. Often these books would also discuss gaps in knowledge, unsolved scientific problems, and social controversies involving scientific information, but never "weaknesses" of hypotheses and theories. No doubt knowledge in science is theoretical, and this knowledge started out as hypotheses, but now most of scientific knowledge would be properly termed "reliable knowledge." It is this information--reliable knowledge--that fills introductory science textbooks, and while this information is subject to analysis, review, and understanding, it is not really subject to "critique" by K-12 students.

4. Scientific theories are too massive and established to expect any high school student to critique or question. The vast majority of high school students would not be able to perform such critiques in a scientific way. Scientific theories should be accepted as reliable knowledge in K-12 classes, and not made the object of questioning until they have the educational training necessary to do so, which consists of years of graduate study at universities.

5. Scientific problems, controversies, disagreements, criticisms, knowledge gaps, and mysteries certainly exist, but they exist at the frontiers of scientific research for which advanced scientific knowledge and experience are required to understand and deal with them.

6. Real scientific problems, controversies, etc., should not be included in introductory science textbooks, because they are almost always too difficult to understand and their presence would only lead to student confusion and frustration. Such confusion and frustration in science class actually prevents students from learning critical thinking, not helps them to learn it.
7. Introductory science textbooks are written to be used by introductory science students who do not have the technical and conceptual background to understand the complex issues involved. High school textbooks are intentionally simplified by design; students who become interested in science can learn about the complexities, problems, and controversies in college, and can also begin dealing with them there.
8. There are no scientifically-legitimate "weaknesses" about the occurrence of evolution by natural selection--defined as the descent of all living and fossil species of organisms from a common ancestor through time by natural selection acting upon the gene pools of species populations--evolution is as confirmed, reliable, and accepted as anything in science and can be considered to be a fact. Hypotheses about the origin of life, however, all have uncertainties and missing pieces, but I know of no textbook that only presents one solution to the origin-of-life problem.

9. There are certainly problems, controversies, difficulties, and knowledge gaps with the modern theory of evolution--the explanation of how the mechanism of the evolutionary process operates over time--but for the reasons stated above, these topics are just too complex to be dealt with in high school. They almost never are, and the textbooks need not and usually do not cover them. The same is true for all other scientific theories in all disciplines. It takes a lifetime of training and study to deal with only a few problems in one science. Trying to cover them all in all sciences at the high school level is impossible.

10. It is quite true that learning critical thinking skills--an essential educational goal--requires a student to be able to analyze, review, and critique evidence and reasoning used to support simple experimental hypotheses and other elementary knowledge claims. Such critical thinking activities are something students should definitely be doing by the time they are in high school. But the place for this in high school is in the laboratory, where students deal with simple experiments, simple observations, simple hypotheses, and simple tests. Student hypotheses are the proper place to deal with "strengths and weaknesses," and "analyze, review, and critique scientific explanations."

11. Another opportunity to learn critical thinking skills in science class is when the teacher discusses social issues concerning science with students. Many of these social issues--such as embryonic stem cells, human cloning, genetically-modified foods, environmental pollution issues, biodiversity loss, excessive human population growth, etc.--are properly covered in science classes, are controversial and have difficult solutions, and require critical thinking skills and reasoned judgment to "analyze, review, and critique."

12. It should thus be clear by now that the concept of mandatory instruction of students about "strengths and weaknesses" of "scientific hypotheses and theories" is not really good scientific language, and the reason the phrase is used is because the (3)A rule was written and adopted by non-scientists--without proper scientific input--precisely to placate an obnoxious creationist minority. A scientist would have phrased the (3)A rule as follows: "The student uses critical thinking and scientific problem solving to make informed decisions. The student is expected to understand why scientific explanations are so reliable, and be able to analyze, review, and critique experimental results in the laboratory and social uses of scientific data in the classroom as to their strengths and weaknesses using reliable scientific evidence and information."
13. The inordinate concentration by creationist critics on the topics of evolution and origin of life in only biology textbooks, rather than on the many other topics in all disciplines of modern science, reveals that their true intention is to weaken all biology textbooks' accurate coverage of these topics alone, thus perverting evolution's important place in modern biological understanding. There is no legitimate reason to focus on only one scientific topic to insert "weaknesses." Such an obsession can only have an ideological or religious motivation, not one to improve science education, and if adopted as formal state rules is illegal as well, since it constitutes an establishment of religion.

14. Anti-evolutionist creationists are sincerely not attempting to remove evolution from the curriculum, force creationism or intelligent design into the curriculum, or ask for equal time for their pseudoscience to be taught with science. The reason is simple: these things are all illegal. Creationists and anti-evolutionists certainly wish they could do these things, and they have certainly attempted to do them many times in the past, but they have always failed because the courts recognized that their efforts constituted an establishment of religion. Today, rather, they attempt to discourage the teaching of evolution by making the topic controversial in textbooks and thus in the minds of teachers. Their goal today is to discourage and intimidate teachers into avoiding or shortchanging the topic of evolution in the biology classroom, so as to censor the topic of evolution from every students' scientific education, and deprive them of a modern appreciation of science and the scientific method--which is identical to critical thinking.

15. Anti-evolutionist creationists use marketing techniques, argumentative persuasion, and political lobbying and intimidation, not the methods of science to achieve their goals. They go from state to state (Kansas, Ohio, Texas) trying to push their anti-evolution ideology into state curriculum standards and textbook adoption processes. In every state, the legitimate scientists and science educators have opposed them (and ultimately winning in Kansas and Ohio). The fundamental fact is this: If creationist anti-evolutionist critics really wanted to improve science education, they would leave the science curriculum standards and science textbook content to the scientists, science educators, and science specialists who have been responsible for these in the past, and not attempt to use the political process to force scientifically illegitimate and unwarranted changes into the educational materials.
Let's summarize all these arguments briefly. It is both unwise and irresponsible for a politically elected body of officials, the State Board of Education, to insert unscientific content into science textbooks over the objections of their own science staff, their own science textbook review panels, and the scientists and science educators who testified against it. This would be a gross abuse of the regulatory process, and would be illegal and costly enough to invite litigation from textbook publishers. Such action--motivated solely by ideological, political, or religious reasons--is exactly similar in intent (but fortunately not in scale) to the substitution of the science of genetics in the Soviet Union with the incompetent Communist pseudoscience of Lysenkoism, and the substitution of scientific anthropology in Germany with the murderous Nazi pseudosciences of eugenic Aryanism. Both were mandated by the controlling political party in each country at the time, and each pseudoscience resulted in, respectively, the death by starvation of millions of humans and the death by murder of million of humans. Today in Texas, the controlling political party seems hell-bent on repeating these historical tragedies, albeit at a smaller scale. While no doubt present-day ideological believers on the Texas SBOE wish to duplicate the fervor, passion, and stubbornness of historical believers, there is no reason for them to emulate their historical dogmatism, ignorance, and bigotry, especially when the victims of the resulting abuse would be millions of school children of Texas, who really need to understand critical thinking and the modern scientific view of the world in order to be good citizens and productive workers in society.

Forcibly inserting unscientific "criticisms" and "weaknesses" of evolution into biology textbooks would not improve critical thinking, but destroy it by misleading and confusing students, intimidating teachers to avoid or weaken the subject, and teaching students a perverted view of science. As I explained above, there are few or no hypotheses in introductory biology textbooks; instead, the books are filled with reliable scientific knowledge, including scientific theories, that in general have no "weaknesses." Scientific theories can indeed be criticized, because they are incomplete, but such criticism can only be competently understood and conducted in graduate schools and research universities, not in high schools using introductory textbooks. The concept of students learning about the "strengths and weaknesses" in scientific "hypotheses and theories" in high school is unscientific and pedagogically useless.

The proper meaning of having students learn "critical thinking and scientific problem solving to make informed decisions [by being] expected to analyze, review, and critique scientific explanations . . . as to their strengths and weaknesses using scientific evidence and information" should not be directed at hypotheses and theories (as the (TEKS (3)A) rule unfortunately and misleadingly states), but to laboratory experiments and classroom discussion about topics involving scientific knowledge, social practices, and decisions by public officials. Modern scientific explanations, including theories, should be accepted as reliable knowledge by high school students and teachers without the obfuscation of forcing fallacious "weaknesses" into them.

Finally, as I will show below, the "weaknesses" and "criticisms" of the theory of evolution put forward by the Discovery Institute critics are in reality bogus; the "weaknesses" don't in fact exist. The DI's written testimony to prove the contrary is misguided, illogical, and lacks empirical validity. This alone should warn SBOE members and the public that something fishy is going on: an out-of-state think-tank--whose stated purpose is to change public opinion by lobbying and marketing techniques, not by traditional scientific methods--comes into Texas and finds friendly and sympathetic co-believers on the State Board of Education. The think-tank produces written testimony that claims that standard biology textbooks, successfully used for years throughout the United States, in fact fail to meet scientific standards of accuracy and critical analysis. Well, this is certainly news to hundreds of thousands of scientists and science teachers. Whom should one believe?

Conclusion

It is obvious that--despite the legislative reforms of 1995, and the Attorney General's 1996 opinion that the SBOE does not have the authority to adopt a rule to require specific content in textbooks beyond the statutory standards of meeting the curriculum standards, meeting the binding standards, and are free of factual errors--the potential remains for political abuse of the process of textbook selection in Texas. State Board members have the potential to act unwisely and irresponsibly in the adoption process by ignoring the TEA science education staff, science textbook review panel members, and scientist and science educator expert testimony, and then (1) claiming that a science textbook contains factual errors when it actually does not, (2) claiming that a textbook does not meet all the TEKS science curriculum requirements, including TEKS (3)A, and adopting it on the nonconforming list that condemns it to a marketing death, and (3) requiring that a publisher change (i.e. censor) its book to add bogus "weaknesses" that are not scientific or do not exist, or else reject the textbook. Not only does this potential political abuse of the adoption process exist, but the abuse has already manifested itself in 2002 during the adoption of environmental science books, and obviously every person who testified on behalf of keeping the biology textbooks free of censorship at the July 9 hearing expects it to happen again.

There are three independent ways to prevent future political abuse of the textbook adoption process in Texas:

First, the majority of SBOE members could stop indulging their political, religious, and ideological prejudices in their management of textbook selection and start relying on the competence, knowledge, and integrity of science textbook authors, the TEA science education staff, and scientists and science educators who testify in public hearings and those on their own textbook review panels.

Second, the centralized, authoritarian textbook adoption process could be abandoned by either statute or litigation, and Texas could allow school districts to begin choosing their own textbooks directly from the publishers (as is the process in most of the states in this country) and paid for as part of the state funds given to all school districts on the basis of enrollment. Litigation--from aggrieved publishers or school districts--may very well be the impetus that ends the centralized, authoritarian, and thoroughly politically-pervaded Texas textbook adoption process; if so, I volunteer to be a plaintiff's witness.

Third, the Texas legislature could make the SBOE an appointed board again (qualified members would be appointed by the governor, as was the case for several years after the Ross Perot Committee reforms), thus eliminating the practice of stealth candidates running for the SBOE in order to promote their political, religious, and ideological views in the Texas public education system.

One of these three solutions to the problem will have to occur, or we will continue to see the perversion of public school science education in Texas, with the result that Texas students will continue to be ill-prepared to face the modern world with their censored and incompetent knowledge of science (as is revealed every year by Texas students scores on standardized national science exams). If such a shameful situation is allowed to continue, it will continue in an arena of national publicity, and a spotlight will be focused on those public officials who are responsible for its maintenance.

Part 2. Answers to Questions about Evolution

Introduction

As I have emphasized before, anti-evolutionists and creationists attempt to persuade readers and listeners by using specious arguments, deliberate misrepresentation, quotes out of context, untruths and half-truths, and debating techniques to confuse and impress the victim. In general, these methods are disreputable and would never be indulged in by legitimate scientists or serious scholars. Creationist practices invariably involve pseudoscholarship in the service of pseudoscience, and polemics masquerading as analysis. One of these techniques is the argument from authority. Creationists love to claim that legitimate practicing scientists exist who support their views (creationism, intelligent design, weaknesses in the theory of evolution, etc.). For example, Dr. Francis Beckwith, Associate Director of the J. M. Dawson Institute of Church-State Studies at Baylor University said the following (SBOE textbook adoption public hearing, July 9, 2003):

These textbooks [should] appropriately convey to students some of the critical questions raised about aspects of evolutionary theory in general and neo-Darwinism in particular. These questions have been raised by scholars who have had their works published by prestigious presses, academic journals, have aired their views among critics in the corridors of major universities and other institutions and have been recognized by leading periodicals both academic and non-academic. They are affiliated with a number of institutions, including the University of Texas, Texas A&M and Baylor.

But the truth is quite different. These "scholars" are not biologists and not even scientists; for the most part, they are individuals trained in philosophy, mathematics, engineering, and even the sciences, but who are not actually working in science. Some legitimate philosophical journals and academic presses will publish there writings, and there is nothing wrong with this. I agree that intelligent design, for example, is a legitimate philosophical topic that has a place in academic or intellectual discourse. But these topics are not studied by real scientists, nor do real science journals publish papers about these topics (except book reviews that have universally been highly critical). These "scholars" do exist in the philosophy department at the University of Texas at Austin, the engineering department of Texas A&M, and in a number of institutes and programs at Baylor University, but I can positively state that there is no scientist in the biology departments of any of these universities who would agree with the anti-evolutionist critics represented by the Discovery Institute, and none who would approve of politically inserting "weaknesses" about evolution into introductory biology textbooks without prior scientific justification by standard biological methods. Indeed, every legitimate scientist and science educator who testified on July 9 did, or who will testify on September 10 will, disagree with both the goals and tactics of the Discovery Institute representatives; all did and will object to efforts by elected SBOE members to bypass normal scientific practice and insert unwarranted items into science textbooks by regulatory fiat.

No individual representing the Discovery Institute-Center for Science & Culture is a legitimate scientist. I agree that some of the DI representatives have received scientific training, including Michael Behe, Jonathan Wells, Stephen Meyer, Paul Nelson, and William Dembski; all are certainly knowledgeable about science and all have doctorates, but these individuals are not scientists because they do not behave like scientists. The reasons are simple: real, legitimate scientists accept the practice of methodological naturalism in scientific method, eschewing the supernatural in science; they perform experiments and make observations to answer question and solve problems within a common theoretical framework accepted by the scientific community; if they disagree with the common theoretical framework, they are obligated to produce genuine evidence and logical reasons that casts doubt on modern theory; they publish their scientific work in peer-reviewed science journals, saving educational, historical, cultural, and philosophical material for books; they take to heart the cogent criticisms by their colleagues and make corrections, not obstinately refuse to change a word and instead make up ad hoc arguments to save appearances; they do not indulge in pseudoscholarship: specious arguments, sophistry, illogical reasoning, hidden false premises, assumed presuppositions that have no basis in fact, deliberate misrepresentation and misunderstanding, quotes out of context, quotation mongering and credential peddling, etc.; they do not attempt to use raw political power to authoritatively accomplish educational goals that they cannot legitimately accomplish using reasoned discourse, responsible inquiry, and scientific persuasion. The Discovery Institute associates fail all of these tests, thus clearly revealing themselves to be pseudoscientists, not scientists.

No one seriously recognizes Drs. Wells, Dembski, Meyer, or Nelson as legitimate, practicing scientists; they would be charitably characterized as scholars, philosophers, polemicists, and popularizers. I would additionally characterize them as creationists and pseudoscientists, but they would no doubt object to those labels. But what about Michael Behe, who is a tenured biology professor at Lehigh University in Pennsylvania. I fully agree that his scientific work conducted prior to earning tenure at Lehigh was legitimate science, and he was a real scientist then. But now his "research" focuses on intelligent design, which is a philosophical, pseudoscientific program (but there is little his university can do about that; for many years, a famous psychology professor at Harvard has been conducting research into the extraterrestrial alien abduction of humans, something which he devoutly believes occurs; his colleagues tried to get rid of him, but tenure ultimately prevented them). In addition, Professor Behe has engaged in many debates with legitimate scientists in the popular philosophical literature and on the Web, and he has refused to change any of the illogical arguments he uses to reason to his conclusion. His book, for instance, Darwin's Black Box, is one long argument from ignorance, which has been pointed out by dozens of scientist reviewers, including myself, but he obstinately refuses to acknowledge this. This is not the mark of a true scientist. Michael Behe's book has received universal criticism and condemnation from the scientific community; for dozens of negative reviews and criticisms by scientists, please visit Behe's Empty Box at <http://www.world-of-dawkins.com/Catalano/box/behe.htm>.

Dr. Michael Behe is a Senior Fellow of the Discovery Institute-Center for Science & Culture. He actually accepts quite a bit of modern evolutionary theory, but he insists--contrary to all evidence--that an intelligent designer was necessary to get the evolutionary process going early in Earth's history by somehow creating the first "irreducible complexity" in nature. He and his other DI associates identify this intelligent designer with the Christian God, but he claims this is irrelevant for a scientific understanding. Well, that's nonsense; the identity and characteristics of any presumed intelligent designer would have to be susceptible to empirical study by other scientists, but this can't be done when dealing with the supernatural. Many scientists, including myself, have published reviews of his writings that demonstrate that his concept of irreducible complexity of structures and processes is wrong, and criticize him for his refusal to explain how the intelligent designer actually created the first complex organism. But Behe continues to indulge in ad hoc arguments to maintain his beliefs. This is not the mark of a true scientist.

Discovery Institute Written Testimony
The Discovery Institute written testimony, "A Preliminary Analysis of the Treatment of Evolution in Biology Textbooks currently being considered for adoption by the Texas State Board of Education," is a warmed-over version of a book by Discovery Institute-Center for Science & Culture Senior Fellow Jonathan Wells, Icons of Evolution, in which Dr. Wells tries to convince the reader--using the entire armamentarium of pseudoscientific pseudoscholarship--that the standard or classical textbook arguments and illustrations of evolution (the "icons") are variously misguided, misrepresentative, and false. His book has received universal criticism and condemnation from the scientific community. Links to most of these critical reviews can be found on the Texas Citizens for Science Hearing Page at <http://www.txscience.org/hearing.php>. Both the "Preliminary Analysis" and Icons of Evolution can be summarized as follows: they are filled with fallacious arguments, distortions, untruths, specious reasoning, and have a deceptive and mendacious attitude that is clearly observed by anyone possessing a scientific understanding of modern evolutionary theory and the evidence for it. It is practically beggars belief that any educated person would be persuaded by the arguments in these two publications, but experience has proven that humans are deceived again and again, because sophistry by definition is meant to be convincing to readers and listeners who are unprepared to respond to specious arguments. And pseudoscientists are masters of sophistry.

The Discovery Institute-Center for Science & Culture itself has the goal of "nothing less than the overthrow of materialism and its cultural legacies. Bringing together leading scholars from the natural sciences and those from the humanities and social sciences, the Center explores how new developments in biology, physics and cognitive science raise serious doubts about scientific materialism and have re-opened the case for a broadly theistic understanding of nature." The DI-CSC proposes "a positive scientific alternative to materialistic scientific theories, which has come to be called the theory of intelligent design (ID). Design theory promises to reverse the stifling dominance of the materialist worldview, and to replace it with a science consonant with Christian and theistic convictions" (www.txscience.org/files/wedge.htm). Any reader, therefore, can clearly see that the Discovery Institute associates do not have an unbiased view of evolution and the rest of modern science, and do not have the best interests of Texas students at heart. Jonathan Wells, for instance, studied to obtain a Ph.D. in biology only so he could "devote my life to destroying Darwinism" (http://www.tparents.org/library/unification/talks/wells/DARWIN.htm). The fact that "Darwinism"--what real scientists call the theory of evolution by natural selection--is universally accepted by the world's biological scientists, and is vital for every educated person to learn so that he or she can understand modern biological principles and processes, is seemingly irrelevant to Dr. Wells.

I am going to review the DI "Preliminary Analysis" (hereafter PA) below. Frankly, I have neither the time nor desire to review it in detail, with scientific citations and references, since this has already been done by Dr. Alan Gishlick in "Icons of Evolution? Why much of what Jonathan Wells writes about evolution is wrong," his outstanding review of Wells' book Icons of Evolution, which, as I said above, is the entire source of the PA. So I am going to review the PA superficially by simply quoting passages from it that distort the truth, responding with the correct scientific information, and allowing interested readers to refer to Dr. Gishlick's review for all details, citations, and references. To aid this process, I am including a complete copy of Gishlick's review in this testimony, but am omitting the many figures his review contains but which are available at its original source of <www.ncseweb.org/icons/>. Dr. Gishlick will be present at the September 10 hearing, so SBOE members will be able to personally ask him questions if desired.

The Miller-Urey Experiment

The Miller-Urey experiment is an excellent illustration of how modern science works. It is used in introductory biology books to illustrate how organic compounds that are necessary for life can be formed on Earth by nonbiologic chemical reactions. The original gas mixture that Miller used was later determined to be highly improbably, but subsequent experiments with other gas mixtures have achieved similar results. It is best to use Miller's experiment as an historical demonstration and mention that subsequent experiments by others have demonstrated the same results. (NOTE: All PA quotes will be indented in what follows.)
Yet textbooks continue to feature the experiment, complete with photographs or drawings of Miller's original apparatus, as evidence that life's building blocks could have formed spontaneously on the early Earth.
There is nothing wrong with this. The photographs or drawings can be used for historical reasons. Life's building blocks did indeed form spontaneously on the early Earth and in the early solar nebula and solar system.

Many textbook accounts of the Miller-Urey experiment fail to inform students that the Earth's early atmosphere was probably quite different from the mixture of gases used in the experiment, or that when the experiment is repeated with a realistic mixture it does not work.
All textbooks should inform students that the mixture of gases that Miller used was different than what scientists now suspect constituted Earth's early atmosphere. Experiments repeated with a more realistic mixture do work to produce organic components of life: peptides, amino acids, etc. These compounds are also found in comets and meteorites that indicates they formed early in the solar system by nonbiological photochemical reactions.

Even textbooks that hint at problems with the 1953 experiment typically tell students that more realistic gas mixtures still produce "organic molecules," without informing students that those molecules include toxic chemicals such as cyanide and formaldehyde but do not include amino acids.
Cyanide and formaldehyde are toxic only in concentrated form. In dilute and diffuse form--their characteristic form in nature--they are essential building blocks of life. Cyanide and formaldehyde, and many other organic compounds, are found in interplanetary and interstellar space, comets, and meteorites, indicating they can be formed by nonbiologic chemical processes occurring early in solar system formation.

The truth is that scientists are as far as ever from understanding how life's building blocks formed on the early Earth, and even farther from understanding how cells formed from such building blocks.
False. Scientists have much greater knowledge today about how life and cells may have formed in the past. Dozens of contemporary books exist that detail this knowledge.

Yet instead of informing students that the origin of life remains an impenetrable mystery, most biology textbooks give students the false impression that scientists have made great strides in understanding it.
The origin of life is certainly still a mystery, but it is not an impenetrable one, as creationists like to believe. Unlike creationists, scientists don't just give up and say "God did it." Instead, scientists are making great strides in solving the problems and understanding the process.

Since they misrepresent the significance of the now-discounted Miller-Urey experiment, and mislead students about current state of origin-of-life research, such textbooks cannot enable students to "analyze, review, and critique scientific explanations, including hypotheses and theories, as to their strengths and weaknesses using scientific evidence and information"
The Miller-Urey experiment has never been discounted, only revised and repeated with different initial gas mixtures. The textbooks do not mislead students about the current state of origin of life research: the research is substantial, ongoing, and productive. A textbook either presents what information is reliably known about the origin of life problem and avoids going into detail about hypothetical solutions, or it presents alternative hypotheses (organic soup, geothermal vent, origin from clay, cometary source of vital ingredients, etc.) that can be analyzed and critiqued. Either solution is satisfactory. What would not be satisfactory is to censor the vital information that all scientists believe that life began on Earth by a natural process involving abiotic chemical reactions using organic compounds that formed spontaneously on Earth and in outer space, and that modern research has given scientists many tantalizing clues about how this process occurred, but much work remains to be done. This is really a very inspiring topic, because the tools to do significant research in this area didn't even exist twenty years ago.

Darwin's Tree of Life and the Cambrian Explosion
The "Tree of Life" is a fact acknowledged by all biologists and biology textbooks. There is even an extensive website that presents and explains this tree of life in exquisite detail (www.tolweb.org). The tree of life is merely all the taxa that live now or have lived in the past arranged on a tree-like diagram that illustrates their pattern of evolutionary descent. Determining the tree-like pattern using special software tools and character data of all taxa is a major biologic research project that will help us understand the evolutionary process much better.

The figure on the next page, "Levels of detail in genetic history: From individuals to the phylogenetic tree," illustrates how biologists envision genetic continuity from individual organism to species population to species lineage to ultimately a higher-taxa phylogenetic tree--the tree of life. There is no break in genetic continuity throughout evolution for some intelligent designer to miraculously insert complexity. The important point of this figure is to illustrate that every living organism, including every human, share a common ancestor with all other living organisms. This is the most important message that biology can teach, and it should be repeatedly emphasized in every biology textbook.

This is one of the PA's oddest criticisms of the biology textbooks. This topic is peripheral to most biology books, even at the university level; it is not treated by many of them, since it is an advanced topic. But the DI critics fault the books mostly for not covering this topic in the way that the creationists wish. The PA deliberately misrepresents the most basic principle of evolutionary descent, that when taxa appear on Earth their taxonomic rank can increase over time. That is, when a new species first evolves, it is just a species, but it can--through time and contingent evolution--give rise to many more species so that its hierarchical rank in the tree increases and we would begin classifying it as a genus. This process can continue, so that what was once only a new species can ultimately give rise to a new genus, family, order, class, and phylum many millions of years later. Remember, humans assign these taxonomic ranks after the fact; they are not assigned to taxa when they first appear on Earth and then have to keep them forever!
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Levels of detail in genetic history:
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Most major phyla first appear in the fossil record about 520-550 million years ago, in the Cambrian Period. The fossil record is spotty and incomplete, so the ancestors of the first organisms of these phyla found as fossils are not known. The geologically rapid appearance of all these phyla for the first time is termed the Cambrian Explosion; however, these taxa appeared during a 30 million year interval, so their evolution could be gradual in normal time, since their common ancestors presumably lived 20-50 million years before them, in the Precambrian. The figure below, from Conway Morris, 2000, (http://www.pnas.org/cgi/reprint/97/9/4426.pdf), illustrates this.
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Principal events across the Vendian-Cambrian boundary,

spanning an interval of approximately 60 million years (570–510 Myr)
However, some scientists debate the sufficiency of microevolutionary processes (see below), the speed of evolution, the adequacy of the fossil record, and the nature of the fossils themselves to explain this rapid appearance. Many paleontologists don't consider the Cambrian Explosion a mystery, since evolution can proceed rapidly. Let's now examine quotes from the Discovery Institute PA on this topic.

In the fossil record, however, most of the major phyla appear fully formed at the beginning of the geological period known as the Cambrian, with no fossil evidence that they branched off from a common ancestor.
This passage is deliberately and indeed maliciously misleading. There are many reasons why fossil evidence of earlier ancestors is absent: soft body parts, rapid evolution, poor stratigraphic record, bad luck for paleontologists, etc. But by no means does this imply that there is a question that the major phyla forms didn't have a common ancestor. Of course they did! Unless one is hypothesizing that there was a break in genetic continuity and a supernatural intelligent designer just stepped in with a miracle to create those forms we see.

Darwin feared that the fossil record might by its very nature be so incomplete that a solution to the problem would never be found; but he hoped that future fossil-collecting might provide at least some evidence that animals shared a common ancestor. A century and a half later, however, the problem is more serious than ever.
False. We have many more fossils today and a much better understanding of the sequence of appearance of the different fossils and their timing. Darwin never doubted that animals shared a common ancestor. Darwin did indeed express concern that the fossil record was unavoidably incomplete, but he never doubted that a solution to the problem would never be found. The problem can in fact be solved without any fossil record: a detailed phylogenetic analysis would work if sufficient data were available. The occurrence of fossils just makes this task easier.

A century and a half later, however, the problem is more serious than ever. Paleontologists once thought that Precambrian animals might have been too small to be detected, but microscopic single-celled fossils much older than the Cambrian have since been discovered. Paleontologists also used to think that Precambrian animals might not have fossilized because they were soft-bodied, but it is now clear that most of the fossilized animals in the Cambrian explosion were soft-bodied.
Once again, this presentation is extremely deceptive and misleading (it was always a question whether this is deliberate or due to simple ignorance; in the past, with ICR young-Earth type creationists, one was never sure; but today, the ID creationists receive much better scientific training, so I can only conclude that the deception is deliberate and mendacious). The fact that microscopic Precambrian fossils have been found does not guarantee that the ancestors of the Cambrian phyla must be found. They would be soft-bodied and preservation of soft-bodied organisms is extremely rare. Most of the fossilized animals in the Cambrian Explosion were not soft-bodied, but we are fortunate to have so many preserved under exceptional circumstances. There are only two really good examples of soft-body Cambrian preservation: one in China and a later one in Canada. Paleontologists still attribute the rarity of earlier fossils to the fact that they would not likely be fossilized because they were soft-bodied or because they evolved quickly in an environment that did not readily support fossilization.

There is no excuse for a biology textbook to deal with the fossil record without even mentioning the Cambrian explosion. Furthermore, any biology textbook that fails to discuss the challenge posed by the Cambrian explosion to Darwin's theory would not enable students to "analyze, review, and critique scientific explanations, including hypotheses and theories, as to their strengths and weaknesses using scientific evidence and information."
Introductory biology textbooks do not need to mention the Cambrian Explosion, but it would certainly be okay if they do. In fact, I would recommend to authors and publishers that all begin to cover this topic; it would be exciting for students to see pictures of the weird and wonderful fossils found 520-550 million years ago, and give them an introduction to ancient time. In either case, the Cambrian Explosion does not provide a challenge to modern evolutionary theory. Many aspects of evolutionary theory exist that can explain what we observe. The challenge is to identify the correct evolutionary processes and sequence of events, and this is indeed controversial and still under investigation. Under no circumstances does the Cambrian Explosion imply a problem with finding a missing common ancestor, as the PA implies; such an idea is nonsense, because in evolutionary biology and phylogenetic reconstruction, common ancestors are always inferred, not "found." But I doubt that the creationists who wrote the PA would know that.

Vertebrate Embryos and Haeckel's Drawings

Ernst Haeckel, the famous 19th century German evolutionary biologist, proposed a "biogenetic law" that "ontogeny recapitulates phylogeny," that is, an organism's development (its ontogeny) goes through precisely the same stages that it historically went through during its evolution from a much more primitive ancestor (its phylogeny). While many ontogenetic stages of a vertebrate (including humans) are indeed similar to its phylogenetic history--thus graphically demonstrating the fact of evolution (for example, the human embryo develops a notochord and pharyngeal grooves or "gill slits," but these are lost during gestation)--they are not identical, so Haeckel was wrong.

To illustrate his recapitulation theory, Haeckel, an outstanding artist, produced a figure (reproduced below, from Richardson, 1997) that purported to show the embryonic stages of eight vertebrates (fish, salamander, turtle, chicken, pig, cow, rabbit, human). However, Haeckel exaggerated the similarities and drew the embryos, in their earliest stages, to appear to be identical (so as to better support his biogenetic law). This error was pointed out during his lifetime and periodically thereafter, but his illustration nevertheless found its way into introductory biology textbooks as a demonstration of evolution. This illustration, and re-drawings of it, should not be included in any biology textbook today, nor is it now. However, photographs and drawings from photographs that show the similarity of vertebrate embryos remain an excellent way to demonstrate the fact of evolution, and should be included.
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Ernst Haeckel's Vertebrate Embryo Ontogeny Figure

From left: fish, salamander, turtle, chicken, pig, cow, rabbit, human
Now, let's see how the Discovery Institute distorts this issue in its PA:

Darwin believed that the similarity of vertebrate embryos in their early stages reveals their common ancestry, and he considered those embryological similarities "by far the strongest single class of facts in favor" of his theory.
Well, this is accurate, and still correct today. Embryological similarities are indeed excellent evidence to support the truth of evolution, and thus they should be included in introductory textbooks, since they are a vivid graphic example (that creationists therefore want to remove by political fiat).

In fact, Haeckel's drawings misrepresent the evidence in three respects: They select from the wide variety of vertebrate embryos only those that come closest to fitting Darwin's theory, they distort those selected embryos to make them appear more similar than they really are, and they completely omit the embryos' earliest stages --in which their dissimilarity is evident. (The early dissimilarity of vertebrate embryos does not support Darwin's theory, but must be explained away by the theory.)
Here we go misleading again. Haeckel selected eight quite different vertebrate embryos, an appropriate number, to illustrate his, not Darwin's, theory of recapitulation. Only the earliest stages are distorted to make them identical, not the middle and last stages. Haeckel did indeed omit the very earliest stages of ontogeny (zygote, blastula, etc.), and these are indeed different for different vertebrate embryos, but he did this to favor his own recapitulation theory, not Darwin's theory, which was already accepted by biologists in Haeckel's time. The very early dissimilarity does not in any way cast doubt on evolutionary theory ("Darwin's theory"), but only on Haeckel's "biogenetic law." As I said before, the great similarity among various vertebrate embryonic stages (as pointed out by another German biologist of the 19th century, von Baer) strongly supports evolution.

In 1997, a team of embryologists compared Haeckel's drawings with photographs of real vertebrate embryos. In an interview with the journal Science, the leader of the team stated: "It looks like it's turning out to be one of the most famous fakes in biology." In 2000, Harvard evolutionary biologist Stephen Jay Gould wrote that Haeckel's drawings of vertebrate embryos "exaggerated the similarities by idealizations and omissions. He also, in some cases--in a procedure that can only be called fraudulent--simply copied the same figure over and over again."
These are magnificent misleading quotes out of context, a sure-fire creationist tactic. The leader of the 1997 team, Michael Richardson, revealed Haeckel's duplicity in a long paper on evolutionary development that shows that vertebrate embryos in the tail-bud stage are often dissimilar. Richardson's 1997 paper never casts doubt on the fact of evolution; indeed, he explains the dissimilarities by invoking regulatory gene-controlled heterochrony during development, an important evolutionary process. Similarly, the late Stephen Jay Gould, in the paper quoted, after describing Haeckel's apparent fraud, explicitly points out that von Baer's original observation on the similarity of vertebrate embryos during ontogeny supports the fact of evolution very strongly.

"We do, I think, have the right," Gould wrote in 2000, "to be both astonished and ashamed by the century of mindless recycling that has led to the persistence of these drawings in a large number, if not a majority, of modern textbooks."
This statement is perfectly true, which is why all biology textbook authors and publishers today have already removed Haeckel's fraudulent drawings and replaced them with photographs or drawings from photographs to make the original point--which was never support for recapitulation, but an illustration of evolution.

A few textbook authors have responded to criticisms by replacing Haeckel's drawings with photographs of actual vertebrate embryos. Even then, however, the selected embryos are usually the middle stages of chick and mammal embryos, which happen to resemble each other. Pictures of earlier stages, or the other vertebrate classes--which do not exhibit an obvious resemblance to each other--are omitted. Even though these textbooks are not recycling Haeckel's fraudulent drawings, they are still misleading students by showing them only that part of the evidence that happens to fit Darwin's theory, and omitting evidence that the theory has difficulty explaining.
Now we come to the crux of the matter. The DI creationists want all illustrations of evolution removed from textbooks, so they try to cast doubt on an important one and misleadingly say it is fraudulent and thus should be removed. But that's nonsense. I agree that the very earliest stages of vertebrate embryos are dissimilar, but that's only because they have different-sized eggs, an irrelevant factor. What is vitally important, however, is that students observe and understand the structural similarities of all vertebrate embryos--the pharyngeal pouches and grooves, the notochord, the dorsal nerve cord, the ventral blood vessel, etc.--that demonstrate their close evolutionary relationships. The presence of a notochord and pharyngeal grooves in the human embryo forcefully demonstrates our close ancestry to other vertebrates. This important information is precisely what the creationists duplicitously want the Texas SBOE to remove--because it is such a powerful illustration of evolution. The creationists don't really want information added; they want to make the vertebrate embryo illustration so controversial that the Board or--more likely--the publishers will remove it completely. In fact, one publisher (Holt, Rinehart, Winston) already has.

Peppered Moths

The evolution of peppered moths is an excellent illustration of gene-controlled microevolution (but not speciation) under natural selection. The moths vary from light-colored to dark-colored depending on the degree of industrial pollution, since selection pressure from predators forces the moth population in one direction or another, depending on the shade of tree trunks and branches, which is a function of soot pollution (which darkens trees) and lichen growth in unpolluted regions (which lightens trees). Genes control the expression of melanin in wing scales, so this process is termed "industrial melanism." As an illustration of the fact of natural selection, the peppered moth example is unequaled, which is why creationists want to remove it from textbooks, or more precisely, want to make it controversial enough so that the publishers will remove it themselves (self-censorship) under pressure from the SBOE.

The original work was conducted by Bernard Kettlewell in the 1950s, but scientists today are continuing the research with excellent results. The controversial point focused on by the PA is that an illustration of light and dark moths on both dark and light trunks was artificially reconstructed (or, as they say, "staged"). Two dead moths, one light and one dark, were indeed glued to two different trees, one light and one dark. Kettlewell did this deliberately for two excellent scientific reasons: first, to be able to illustrate the moths on their natural resting places for his paper, and second, to see whether predators would indeed preferentially choose the dark moth on the light trunk and the light moth on the dark trunk (they did). The real experiment took place after this and it was not "staged": different moths were released and then captured in a restricted area to measure predation. The results showed that the selection pressure was real. All this was done, of course, after other biologists had captured hundreds of moths throughout England, noted the color differences, and proposed the hypothesis of industrial melanism, which Kettlewell experimentally confirmed. Even more spectacularly, industrial pollution had darkened most regions of England, resulting in high numbers of dark moths in the population, but when cleaner coal plants and environmental regulations began appearing in the 1960s, the moth population shifted to more light-colored.

The peppered moth deserves to be kept in biology textbooks as an illustration of the action of natural selection, but what does the PA say about it?

In the 1960s, legislation reduced industrial pollution, and light moths made a comeback. Their comeback in many locations, however, preceded significant changes in the color of tree trunks, raising questions about the classical story. By the 1980s, it became clear that peppered moths don't normally rest on tree trunks. In several decades of field research, involving tens of thousands of moths, only 47 were found resting in the wild, and only six of those were found in exposed positions on tree trunks. The textbook photographs, it turns out, were staged--in many cases by pinning or gluing dead moths to tree trunks.
The second sentence is false: enough trees had changed color to permit the light moths to reappear in greater numbers. Yes, moths don't normally rest on tree trunks, but that's irrelevant. Moths normally rest under branches, which show the same color-changes as the trunks. The "staged" photographs are a perfectly normal part of scientific illustration; what was Kettlewell supposed to do--wait for months until a moth landed in front of his camera on a tree trunk?

In the 1950s, when experts still believed that peppered moths naturally rest on tree trunks, Kettlewell's experiments seemed valid and there was nothing wrong with staging photographs. But when it became clear that the basic premise of the classical story was false, textbooks should have started alerting students to the fact. The staged photographs should have been dropped, or at least properly labeled. Commercial enterprises are legally required to label their products and advertisements honestly; science textbooks should do no less. . . . There is simply no excuse for textbook writers to continue misinforming students about the peppered moth story, much less accompanying the story with false and misleading photographs.
I repeat, there was nothing wrong with illustrating artificial situations, and I have no problem with textbooks mentioning that fact in the figure caption. But it is important for the books to also point out that the real experiment did not involve moths artificially pinned or glued to tree trunks, but used release and capture statistics and other observational methods to test the hypothesis of industrial melanism. However, the DI creationists don't really just want the figure caption changed; they want the entire peppered moth example removed from biology textbooks because it is such a good illustration of the fact of natural selection. This example should not be removed.

Answers to Additional Questions About Evolution

Some SBOE members asked me some additional questions about evolutionary theory after the hearing on July 9. I will answer them again here for the benefit of all members.

1. Please explain the difference between microevolution and macroevolution.
Evolution in nature is a continuous process: there is unbroken genetic continuity from the earliest common ancestor to all present-day organisms. Scientists, however, have designated artificial hierarchies or levels of this continuous process so that they can discuss it simply and coherently. Microevolution is the change in gene allele frequencies in the gene pool of a species population that ultimately culminates in speciation--the origin of a new species. Macroevolution is the evolution of all taxa higher than species and uses speciation as the basic mechanism (taxa include genera, classes, families, orders, phyla, etc.). Microevolution is easily observable in both laboratory and field populations of organisms, while macroevolution is so slow that it must be inferred from systematics, phylogenetic studies, and the fossil record.

The big question is to what degree is microevolution able to account for macroevolution; some scientists believe that there must be some natural processes that operate only on the macroevolutionary level to explain the diversity we observe, while others believe that microevolution alone is sufficient to explain it. Whatever the case, it is important to understand that organisms do not evolve by either microevolution or macroevolution; there is only one, continuous evolutionary process that scientists have artificially subdivided for conceptual and explanatory reasons. So it is inaccurate to say, "I believe in microevolution but not macroevolution." However, one could correctly say either, "I believe that microevolution alone accounts for all the macroevolution we observe," or "I believe that separate processes are occurring in both microevolution and macroevolution." Some microevolutionary processes include natural selection, genetic drift, recombination, crossing-over, random mating, etc. Some macroevolutionary processes include the founder effect, species selection, species sorting, mass extinctions, macromutations, etc.

2. What are some of the legitimate scientific controversies, problems, or issues inviting criticism about the theory of evolution?

There are many disagreements among scientists about the correct nature or explanation of the evolutionary process. These should be studied in a university evolution class, usually taught in the senior year because of the great amount of prior biological knowledge needed to understand the issues. Their existence indicates that evolutionary science is a very healthy, active, and productive field. Here are some of them, including all the most contentious ones:

A. The sufficiency of microevolution to explain macroevolution v. the existence of specific macroevolutionary processes such as mass extinction, species selection, macromutation, etc.

B. Disagreements about the tempo and mode of evolution under different circumstances: slow v. fast, gradual v. punctuated, before and after a mass extinction event, background evolution v. adaptive radiation, etc.

C. Adaptation of all features in evolution via natural selection v. features resulting from non-adaptive events and processes, such as correlation of growth, body constraints, neutral theory, genetic drift, etc.

D. The role of contingency and non-progression in evolutionary history v. evolutionary progress, improvement, and repetition due to convergent evolution.

E. Disagreements about the primacy of natural selection of individuals compared to other levels of the evolutionary hierarchy, such as gene selection, group selection, and species selection.

F. Nature v. Nurture, Genes v. Environment--this is the most divisive controversy. There are at least three positions: blank slate/human potential proponents v. sociobiologists and evolutionary psychologists v. biological determinists and IQ and race investigators.

G. The extent to which evolutionary theory can explain or account for human morality, religion, behaviors, self-awareness, free will, etc.

H. The reality or not of memes in the human population; memes are similar to genes, but are actually ideas or concepts that evolve throughout the human population and are affected by similar processes that affect genes, such as natural selection, genetic drift, founder effect, etc. Memes affect cultural evolution in the same way that genes affect physical evolution.

Dr. Steven Schafersman is an evolutionary scientist who for over two decades has taught biology, geology, paleontology, environmental science, oceanography, and petroleum geology at the University of Houston, Houston Community College, Miami University of Ohio, and the University of Texas of the Permian Basin. He has also taught chemistry and biology at Permian High School in Odessa, TX. He earned his Ph.D. from Rice University in 1983 for research on the evolution of fossil marine zooplankton. He founded and was president of the Texas Council for Science Education during 1982-1994, when he helped to improve the quality and integrity of biology and geology textbooks and science curricula  in Texas. He founded the Texas Citizens for Science in early 2003 to meet the new threats to science education in Texas. The Texas Citizens for Science website is at www.txscience.org.
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TEXANS FOR BETTER SCIENCE EDUCATION: THE TRUE STORY!
by Steven Schafersman, President

Texas Citizens for Science Education
August 15, 2003
A New Anti-Evolution Website
A new website was started in Texas on July 25, 2003, that promotes changing biology textbooks by adding alleged "weaknesses" about evolution to the content. The mechanism to accomplish this is to lobby Texas State Board of Education members--whose names, phone numbers, and email addresses are prominently displayed on every page of the website--to mandate the changes in standard high school biology textbooks now up for adoption. The new website is the product of the newly formed Texans for Better Science Education <www.strengthsandweaknesses.org>.

The TBSE website is devoted to "Project Strengths and Weaknesses." TBSE claims it is "a group of concerned Texas citizens who support the right of all students to learn about both the strengths and weaknesses of evolutionary theory free from censorship and intimidation." In addition, it claims that "Texas law specifies that both 'strengths and weaknesses' of biology theories and hypotheses be taught," but "virtually no 'weaknesses' of evolution are in the new editions of High School Biology textbooks."  The site states that, "contrary to outrageous claims in some recent news stories, we are not advocating inserting the Bible, religion, or creation science into the curriculum."

TBSE is quite forthright about whom they think is responsible for preventing "weaknesses" from being included in biology textbooks: "We oppose efforts by some groups to censor the teaching of evolution by preventing students from learning about scientific criticisms of the theory. We are appalled by the bullying tactics adopted by such misnamed groups as the 'Texas Freedom Network' and 'Texas Citizens for Science' who try to smear anyone who disagrees with them as extremists or uneducated religious radicals. In reality, these groups are the real extremists as evidenced by their use of intimidation, censorship, character attacks, name-calling, and McCarthyism to stamp out legitimate debate."

TBSE claims they have quotes from "peer-reviewed journals and other evolutionist writings" that are "pointing out weaknesses with the theory" of evolution. These passages are quoted right on their website <www.strengthsandweaknesses.org/evol_quotes.htm> for all to read.

These Are Bold Claims, But Are They True?
Let's examine the TBSE's most basic claims:

Claim 1. TBSE claims it is "a group of concerned Texas citizens who support the right of all students to learn about both the strengths and weaknesses of evolutionary theory free from censorship and intimidation." 

Truth: TBSE consists of one person, Mark Ramsey, who is a religious fundamentalist and young-earth creationist, who certainly doesn't want students to learn anything about evolutionary theory, and who himself engages in censorship and intimidation.

The TBSE website omits mentioning any person's name or address, so responsibility for the new organization is deliberately kept hidden. However, it is relatively easy to do a Whois query to determine who is responsible for the website and organization. TCS has determined that the site is administered by Mark Ramsey, 6130 Inway Drive, Spring, TX 77389. Spring is a city just northwest of Houston close to Montgomery County and the Woodlands, a hotbed of radical religious right-wing Republicanism and fundamentalist creationism. A number of such activists in Montgomery County are currently trying to get the local school districts to change their science curricula in precisely the same way as advocated by the TBSE and the Discovery Institute.

But there's more: Mr. Ramsey is also the secretary, board member, and website administrator of the Greater Houston Creation Association <www.ghcaonline.com> (Phone: 281-320-2999, Email: mark@ghcaonline.com, Address: the same as that of the TBSE). This creationist organization is described by Creationism.org <www.creationism.org/topbar/linksUS_L2Z.htm#CreationUS_TX> as follows:

Houston's creation organization - active in coordinating speakers and seminars. GHCA takes Genesis, and the rest of the Bible, literally. So that there is no ambiguity, this means that our Savior and Creator was responsible for creating our world in six 'literal' days, around 6000-10000 years ago. Approximately 2000 years after Creation, the cataclysmic Flood of Noah occurred. It was world-wide in extent and lasted about one year from start to finish. Most sedimentary rocks of the so-called "geologic column" we see today are mainly a testimonial to and evidence of the cataclysm.

The Greater Houston Creation Association describes itself <www.ghcaonline.com/belief_statement.htm> as follows:

Greater Houston Creation Association Belief Statement

(as Adopted September 24, 1996) 

1. The Bible is the divinely inspired written Word of God. Because it is inspired throughout, it is completely free from error--scientifically, historically, theologically, and morally. Thus it is the absolute authority in all matters of truth, faith, and conduct. The final guide to the interpretation of the Bible is the Bible itself.

2. God's world must always agree with God's Word, because the Creator of the one is the Author of the other. Thus, where physical evidences from the creation may be used to confirm the Bible, these evidences must never be used to correct or interpret the Bible. The written Word must take priority in the event of any apparent conflict.

3. All things were supernaturally created by the Triune God - Father, Son, and Holy Spirit - during the Creation Week (six literal days) described in Genesis. Each basic type of plant and animal was specifically created "after its kind" by God. None came from non-living substances, nor did any develop from some other plant or animal. At the end of Creation Week, God pronounced everything "very good."

4. The first human beings, Adam and Eve, were specially created by God; all other men and women are their descendants. The entrance of sin into the world, through Adam, brought God's curse on all creation, resulting in death and separation from God. There was no suffering, or death in the world prior to Adam's sin.

5. The Biblical record is fully historical, including the recent creation of all things, the fall, the curse, the great flood (worldwide in extent and effect), and the dispersion at Babel. This written revelation provides the only reliable framework for scientific research into the origin of all things.

6. We are an organization which exists for the purpose of acquisition and distribution of knowledge regarding God's Creation. However, as important as this is, it is secondary to the proclamation of the Gospel of Jesus Christ (although the Doctrines of Creator and Creation cannot be removed from the Gospel). The separation of man from God can only be remedied by our reconciliation to God through faith in and commitment to Jesus Christ the Creator, as Lord and Savior. This reconciliation is only possible because His substitutionary death and bodily resurrection paid the price for our sins.

This information reveals quite clearly that Mark Ramsey--rather than being moderate in his wishes to improve science education in Texas--is actually a representative of the most credulous, extreme, and blatantly unscientific form of creationism, and that his claims of "not advocating inserting the Bible, religion, or creation science into the curriculum" are really just a deceptive smokescreen for his true fantastic beliefs. Mr. Ramsey himself attempts to censor both the truth of his own beliefs and of TBSE's true goals: the debilitation of biology instruction and evolutionary understanding in public schools by teacher intimidation and student confusion, thus restricting, not "supporting," the right of all students to learn about evolutionary theory free from censorship and intimidation.

Claim 2. TBSE claims that "Texas law specifies that both 'strengths and weaknesses' of biology theories and hypotheses be taught," but "virtually no 'weaknesses' of evolution are in the new editions of High School Biology textbooks." 

Truth: Texas law actually requires that both "strengths and weaknesses using scientific evidence and information" of scientific theories and hypotheses of "High School Physics, Chemistry, Environmental Systems, Integrated Physics and Chemistry, Aquatic Science, Astronomy, and Geology, Meteorology, and Oceanography," as well as Biology (emphasis added).

Both young-earth creationists (such as Mark Ramsey) and intelligent design creationists (such as Jonathan Wells, William Dembski, and Michael Behe) have no evidence or information about weaknesses concerning either the occurrence of evolution or the modern theory of evolution. Despite their voluminous writings and statements to the contrary, legitimate, mainstream evolutionary scientists have decisively refuted all of their claims (this literature is available in many books and websites listed below). Intelligent design creationism and other forms of creationism are not topics of modern scientific research because there is no evidence for their occurrence or usefulness, because they almost always invoke supernatural processes that cannot be investigated and tested empirically, and because the current scientific theories that science has created explain the natural phenomena under investigation so well. Individuals who promote or write scholarly articles about intelligent design are not scientists, no matter how much scientific training they have. Creationists need to actually generate some testable, logical hypotheses using scientific methods that actually explain natural phenomena better than modern evolutionary theory before their ideas will be taken seriously, but they have consistently refused to do this.

There are no "weaknesses," controversies, problems, and mysteries with the factual occurrence of evolution by common descent through time, so it is quite understandable why there are no "weaknesses" dealing with this topic in high school biology textbooks. There certainly are such controversies, problems, etc. dealing with the details of the modern theory of evolution--how the evolutionary mechanism actually results in significant genetic change to produce new species--as there are with any modern scientific theory. This is not unusual, but these "weaknesses" normally and properly do not find their way into high school science textbooks because (1) they involve complex, high-level issues dealt with at the frontiers of scientific research by graduate students and professors at universities and research institutions, not high schools, and (2) introductory science textbooks are written to be used by introductory science students who do not have the technical and conceptual background to understand the complex issues (nor do most of them probably want to). The high school textbooks are intentionally simplified by design: students who become interested in science can learn about the complexities, problems, and controversies in college, and can also begin dealing with them.

At the K-12 level, there is little or no educational value for a requirement to "analyze, review, and critique scientific explanations, including hypotheses and theories, as to their strengths and weaknesses using scientific evidence." This requirement was deliberately added to the TEKS to placate creationists on an earlier State Board of Education, so that future creationists could use it to attack evolution. That future is now. It is quite true that learning critical thinking skills--an essential educational goal--requires a student to be able to analyze, review, and critique evidence and reasoning used to support simple experimental hypotheses and other elementary knowledge claims; this is something they definitely should be doing by the time they are in high school. But scientific theories are something else: they are too massive and established to expect any high school student to critique. The vast majority of high school students would not be able to perform such critiques in a scientific way. Of course, it possible to critique scientific theories in a non-scientific way--in precisely the way that creationists and other pseudoscientists wish to do with the theory of evolution by inserting imagined "weaknesses" about it into textbooks--but this would be worse than non-science: It is anti-science designed to confuse and frustrate students, not educate them. Such confusion and frustration in science class serves to dissuade students from learning critical thinking, the true goal of creationists. Scientific theories should be accepted as reliable knowledge in K-12 classes, and not made the object of questioning until they have the educational training necessary to do so.

The inordinate concentration by critics on the topic of evolution in biology textbooks, rather than all the many topical theoretical underpinnings of all modern science, reveals that their true intention is to dumb-down and weaken all biology textbooks' proper coverage of the topic, thus perverting evolution's important place in modern biological understanding. There is no legitimate reason to focus on only one scientific topic to insert "weaknesses." That this is being done by creationist critics and SBOE members reveals only clearly the true motivation of the critics: not to improve science education, but to pervert it.

Claim 3: TBSE claims that, "contrary to outrageous claims in some recent news stories, we are not advocating inserting the Bible, religion, or creation science into the curriculum." 

Truth: Of course TBSE, the Discovery Institute, intelligent design creationists, and creationist SBOE members are not advocating inserting the Bible, religion, or creation science into the curriculum. Doing this would be illegal. Instead, their goal is to misrepresent evolutionary science in biology textbooks to create doubt in students' minds and to focus on and distort the topic so teachers will be intimidated and avoid teaching it.

Students must learn about evolution in biology class, since this is probably the only time in their lives when they will be introduced to the scientific explanation of how all species on Earth, including humans, came into being. Creationists find this prospect abhorrent, and will resort to any means and deception to prevent this instruction. The Texas educational curriculum standards, Texas Essential Knowledge and Skills, asks that students know a small amount about evolution. However, knowing nothing about it will not automatically fail any student, since a perfect score on the TAKS (Texas Assessment of Knowledge and Skills) science exam is not required. Thus, creationists at every level in the educational system--students, parents, teachers, principals, superintendents, school district board members, and State Board of Education members--don't really care that the "Bible, religion, or creation science" is not taught in public schools, because they know these things are taught in homes, churches, and Sunday schools. Instead, they just want to be sure that evolution is omitted or downplayed in public schools, so students will not be corrupted. And a few missed or skipped questions about evolution on TAKS will not matter much. Needless to say, this attitude is a perversion of quality secondary science education, but this is the attitude throughout much of Texas.

An understanding of evolution is essential because the process underlies all life on the planet. Nothing in biology makes sense except in the light of evolution. So no person can be truly called "educated" without understanding the process. Yet, only about half of Texas high school students are introduced to the idea, even though it is required by TEKS. Some, but not most, Texas biology teachers truly do avoid or shortchange the topic. Creationist parents complain to principals and school district superintendents when their creationist children tell them that evolution is being taught, and school administrators often do not back up their teachers, but tell them to avoid or downplay the topic. Unbelievably, this also sometimes occurs in some colleges and universities in Texas, because about half of freshman college students in Texas are creationists, don't want to learn anything about evolution, and object when it is taught. Remarkably, some of these students want to major in biology and actually resent having to take an evolution course to get their B.S. degree. Fortunately, most such biology majors plan to become chiropractors, veterinarians, or medical technicians, so avoiding evolution training will cost them little except a scientific understanding of nature. No research biologist can perform biological research without a full understanding of evolution.

The bottom line is that, in Texas, just debilitating the topic of evolution in biology textbooks is enough to confuse students and intimidate teachers, so the topic is neglected or passed over quickly and inadequately. This is all that TBSE wants. And if they can do this for textbooks in states other than Texas, then so much the better.

Claim 4. TBSE states that they "oppose efforts by some groups to censor the teaching of evolution by preventing students from learning about scientific criticisms of the theory. We are appalled by the bullying tactics adopted by such misnamed groups as the 'Texas Freedom Network' and 'Texas Citizens for Science' who try to smear anyone who disagrees with them as extremists or uneducated religious radicals. In reality, these groups are the real extremists as evidenced by their use of intimidation, censorship, character attacks, name-calling, and McCarthyism to stamp out legitimate debate." 

Truth: Needless to say, the opposite is true. Mark Ramsey's TBSE, the Discovery Institute pseudoscientists, and some Texas SBOE members want to censor the teaching of evolution by unwisely and irresponsibly using the political process to insert scientifically untrue and unwarranted "criticisms" and "weaknesses" about evolution into biology textbooks. They are the ones using the bullying tactics of teacher intimidation, sophistical persuasion of public officials, and raw political power to accomplish their aims, rather than patiently conducting the scientific research necessary to convince legitimate scientists of the truth of their claims. The Texas Freedom Network <www.tfn.org> and Texas Citizens for Science <www.txscience.org> do not use these tactics, but rather present mainstream scientific views backed up by reason, empirical evidence, and responsible public argument and education.

Read the above two paragraphs again. Who is really engaging in character attacks and name-calling? Who is really trying to censor science textbook content? Who is really using intimidation and McCarthyist techniques to achieve their ends? What group is really misnamed? I claim it is the creationist organizations and individuals, not the scientists, science educators, and citizens who support good science education. At the last SBOE hearing on July 9, all the scientists asked the State Board to not modify the biology textbooks in the ways demanded by the creationists. Less known to the public, the SBOE's own science education staff and state science textbook review committee found nothing wrong with the biology textbooks in the ways suggested by the creationist critics. In short, every professional scientific reviewer, specialist, and scientist did not want the biology textbooks modified by adding "weaknesses" or "criticisms," because they knew such changes were wrong. At the next hearing on September 10, all of the legitimate scientists, science educators, and knowledgeable citizens will say the same thing: do not modify biology textbooks by inserting misleading and fallacious "weaknesses" or "criticisms" of evolution. They will ask the SBOE to use its political power to adopt textbooks responsibly and wisely by leaving the scientific details to scientists and science writers who understand the topics and who have no reason to deceive students, but rather wish to properly inform and educate them about the wonders of science.

The creationist critics, including the intelligent design promoters, refuse to do any real scientific research using empirical evidence to reasonably demonstrate the truth of their claims. Instead, they engage in pseudoscholarship to try to convince readers by using specious arguments, half-truths and untruths, misrepresentations, and sophistry. These methods work well on individuals who do not have a good understanding of evolutionary theory and the scientific method; thus, many otherwise intelligent individuals are persuaded and fooled. Fortunately, these creationist methods have been revealed and refuted in many books, articles, reviews, and websites.

Public secondary schools are not the proper forum for "legitimate debate" about the truth, occurrence, or process of evolution. The proper place for this is in the scientific literature, and the "debaters" must be the qualified and legitimate scientists who understand the scientific issues and will deal with them responsibly and ethically. Creationists have never demonstrated their willingness to do this, but they are invited to start giving it a try. There is, of course, another debate about evolution--a popular cultural debate that occurs in the public square--the debate between creationists and scientists fought with popular books, articles, and websites. This "legitimate debate" has never been "censored" or "stamped out" by scientists, and it also does not belong in public school science classrooms (although it could responsibly be discussed in a journalism or cultural affairs class, if such exist in high schools).

Most scientists do not want to engage in this cultural debate, because they cannot spare the time from their scientific research and teaching, but some do. Any many science educators and parents want to engage in this debate, because they are concerned about the education of their students and children. They want them to receive a high-quality science education--one that examines all the important scientific topics without censorship or equivocation--and thus they oppose creationist efforts to force false and misleading passages into biology textbooks that present evolution in a mendacious manner, thus sacrificing students' understanding of their natural world on an altar of fear and ignorance.

Claim 5. TBSE claims they have quotes from "peer-reviewed journals and other evolutionist writings [that are] pointing out weaknesses with the theory [of evolution]." 

Truth. The quoted passages are irrelevant to misguided: some are from anti-evolutionists, some are grossly taken out of context, most are from science writers and science books (not peer-reviewed science journals), and none cast doubt on the coverage of evolution at the level in biology textbooks.

Texans for Better Science Education is the organization that is really misnamed, because it is devoted to propagating a pseudoscience that is the antithesis of better science education. If one examines their site, it contains quotes out of context from scientists and science writers, misleading quotes from science writers, and quotes from anti-evolutionists that TBSE claims are all from "peer-reviewed journals and other evolutionist writings" that point out "weaknesses" with the theory of evolution. If one actually knows something about evolution and what the authors are really saying, one would understand how bogus this claim is. It is true that there are problems and controversies about evolutionary theory among scientists, just not about the fact of evolution by natural selection and common descent, as TBSE implies, and certainly not about topics found in introductory biology textbooks, as explained above. The Discovery Institute <www.discovery.org> also used this technique when it attempted to persuade Ohio SBOE to adopt intelligent design in the Ohio science curriculum (fortunately, the DI failed). The National Center for Science Education <www.ncseweb.org> produced a response that revealed the mendacity behind the Discovery Institute's ploy.

Mark Ramsey starts with quotes from the late anti-evolutionist Fred Hoyle, whose many discredited cosmological and astronomical theories destroyed his high reputation earned when he and his colleagues correctly discovered how stellar processes produced elements more massive than lithium. Hoyle has written many books attacking evolutionary theory, natural selection, speciation, transitional fossils, and the origin of life on Earth. Hoyle believed in panspermia, the "seeding" of life throughout the universe by an intelligent force using viruses and bacteria in intragalactic clouds--he obsessively devoted eight books to this topic alone (as a student of pseudoscience, I have them all)!. Hoyle was never able to publish any of his crazy ideas in the peer-reviewed scientific literature, because he ignored the many cogent objections of other scientists who actually knew something about the topics Hoyle dealt with and criticized.

Next, he quotes the late Stephen Jay Gould out-of-context about the lack of transitional fossils. Gould actually wrote a number of essays about transitional fossils, explaining what they told us about evolution. The passage in question is about the rarity of transitional fossils between fossil species, something very true today, but excellent examples of even these transitional fossils exist, as do thousands of transitional fossils between higher taxa.

There are many out-of-context quotes from both scientists and science writers who are critical of our current inadequate state of knowledge about how life began on Earth. Yes, these writers question historical hypotheses and understandings which have now been discarded, but Ramsey fails to include the modern hypotheses and data we have that have solved some of these historical problems and given science even greater insight into how life began from non-living organic chemicals.

Anti-evolutionist Michael Denton is quoted, but Ramsey fails to note that his books are considered to be pseudoscientific because Denton misrepresents well-known evolutionary principles and ignores evidence and arguments that refute his claims.

I could explain why each quote Ramsey uses in his TBSE website is misguided, irrelevant, and out-of-context, but I don't want to take the time. Let me just state that this tactic of quote-mongering is typical of creationist efforts to cast doubt on the fact of evolution, no matter how much they disingenuously claim to only want "both sides of the controversy taught" or only some "weaknesses" of evolution included in biology textbooks to "provide balance and fairness" to the scientific presentation.

Conclusion
The new Texans for Better Science Education is a misnamed and thinly-veiled creationist organization that is attempting to damage science education in Texas by promoting the inclusion of invalid and unwarranted "weaknesses" and "criticisms" of evolution in biology textbooks. It engages in duplicity, hypocrisy, name-calling, and promotion of political interference in what should be a non-political scientific and educational process. It's true desire is to damage science education in Texas by preventing the inclusion of accurate scientific content about evolution and evolutionary theory in biology textbooks, thus allowing students to be confused and teachers to be intimidated so they will not teach the topic accurately. These goals are reprehensible by any objective moral standard, and TBSE and its supporters should be repudiated and their goals rejected.
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INTRODUCTION
The paradigm of evolution
Evolution is the unifying paradigm, the organizing principle of biology. Paradigms are accepted for their overall explanatory power, their "best fit" with all the available data in their fields. A paradigm functions as the glue that holds an entire field together, connecting disparate subfields and relating them to one another. A paradigm is also important because it fosters a research program creating a series of questions that give researchers new directions to explore in order to better understand the phenomena being studied. For example, the unifying paradigm of geology is plate tectonics; although not all geologists work on it, it connects the entire field and organizes the various disciplines of geology, providing them with their research programs. A paradigm does not stand or fall on a single piece of evidence; rather, it is justified by its success in overall explanatory power and the fostering of research questions. A paradigm is important for the questions it leads to, rather than the answers it gives. Therefore, the health of a scientific field is based on how well its central theory explains all the available data and how many new research directions it is spawning. By these criteria, evolution is a very healthy paradigm for the field of biology.

In his book Icons of Evolution (2000), Jonathan Wells attempts to overthrow the paradigm of evolution by attacking how we teach it. In this book, Wells identifies ten examples that are commonly used to help to teach evolution. Wells calls these the "icons," and brands them as false, out of date, and misleading. Wells then evaluates ten "widely used" high school and college biology textbooks for seven of these "icons" with a grading scheme that he constructed. Based on this, he claims that their treatments of these icons are so rife with inaccuracies, out-of-date information, and downright falsehoods that their discussions of the icons should be discarded, supplemented, or amended with "warning labels" (which he provides). 

According to Wells, the "icons" are the Miller-Urey experiment, Darwin's tree of life, the homology of the vertebrate limbs, Haeckel's embryos, Archaeopteryx, the peppered moths, and "Darwin's" finches. (Although he discusses three other "icons" -- four-winged fruit flies, horse evolution, and human evolution -- he does not evaluate textbooks' treatments of them.) Wells is right about at least one thing: these seven examples do appear in nearly all biology textbooks. Yet no textbook presents the "icons" as a list of our "best evidence" for evolution, as Wells implies. The "icons" that Wells singles out are discussed in different parts of the textbooks for different pedagogical reasons. The Miller-Urey experiment isn't considered "evidence for evolution;" it is considered part of our experimental research about the origin of life and is discussed in chapters and sections on the "history of life." Likewise, Darwin's finches are used as examples of an evolutionary process (natural selection), not as evidence for evolution. Archaeopteryx is frequently presented in discussions of the origin of birds, not as evidence for evolution itself. Finally, textbooks do not present a single "tree of life"; rather, they present numerous topic-specific phylogenetic trees to show how relevant organisms are related. Wells's entire discussion assumes that the evidence for evolution is a list of facts stored somewhere, rather than the predictive value of the theory in explaining the patterns of the past and present biological world.

Textbook "icons": Why do we have them?
Paradigms and all their components are not necessarily simple. To understand the depth of any scientific field fully requires many years of study. It is the goal of elementary and secondary education to give students a basic understanding of the "world as we know it," which includes teaching students the paradigms of a number of fields of science. In order to do this, teaching examples must be found. It is this need to find simple, easy-to-explain, dynamic, and visual examples to introduce a complex topic to students that has led to the common use of a few examples -- the "icons." Yet, with our knowledge of the natural world expanding at near-exponential rates, the volume of new information facing a textbook writer is daunting. The aim of a textbook is not necessarily to report the "state of the art" as much as it is to offer an introduction to the basic principles and ideas of a certain field. Therefore, it should not be surprising that introductory textbooks are frequently simplified and may be somewhat out-of-date. In Icons of Evolution, however, Wells makes an even stronger accusation. Wells says: "Students and the public are being systematically misinformed about the evidence for evolution" through biology textbooks (Wells 2000: xii). This is a serious charge; to support it demands the highest level of scholarship on the part of the author.

Does Wells display this level of scholarship? Is Wells right? Are the "icons" out-of-date and in need of removal? And more importantly, is there something wrong with the theory of evolution? 

In the following sections, each textbook "icon" is reexamined in light of Wells's criticism. The textbooks covered by Wells are examined as well, along with the grading criteria (given in the appendix of Icons (Wells, 2000) and on the Discovery Institute's website) that he used to assess their accuracy. What was found is that although the textbooks could always benefit from improvement, they do not mislead, much less "systematically misinform," students about the theory of biological evolution or the evidence for it. Further, the grading criteria Wells applied are vague and at times appear to have been manipulated to give poor grades. Many of the grades given are not in agreement with the stated criteria or an accurate reading of the evaluated text. Beyond that, Icons of Evolution offers little in the way of suggestions for improvement of, or changes in, the standard biology curriculum. When Wells says that textbooks are in need of correction, he apparently means the removal of the subject of evolution entirely or the teaching of "evidence against" evolution, rather than the fixing of some minor errors in the presentation of the putative "icons." This makes Icons of Evolution useful at most for those with a certain political and religious agenda, but of little value to educators. 

MILLER-UREY EXPERIMENT
The experiment itself
The understanding of the origin of life was largely speculative until the 1920s, when Oparin and Haldane, working independently, proposed a theoretical model for "chemical evolution." The Oparin-Haldane model suggested that under the strongly reducing conditions theorized to have been present in the atmosphere of the early earth (between 4.0 and 3.5 billion years ago), inorganic molecules would spontaneously form organic molecules (simple sugars and amino acids). In 1953, Stanley Miller, along with his graduate advisor Harold Urey, tested this hypothesis by constructing an apparatus that simulated the Oparin-Haldane "early earth." When a gas mixture based on predictions of the early atmosphere was heated and given an electrical charge, organic compounds were formed (Miller, 1953; Miller and Urey, 1959). Thus, the Miller-Urey experiment demonstrated how some biological molecules, such as simple amino acids, could have arisen abiotically, that is through non-biological processes, under conditions thought to be similar to those of the early earth. This experiment provided the structure for later research into the origin of life. Despite many revisions and additions, the Oparin-Haldane scenario remains part of the model in use today. The Miller-Urey experiment is simply a part of the experimental program produced by this paradigm.

Wells boils off
Wells says that the Miller-Urey experiment should not be taught because the experiment used an atmospheric composition that is now known to be incorrect. Wells contends that textbooks don't discuss how the early atmosphere was probably different from the atmosphere hypothesized in the original experiment. Wells then claims that the actual atmosphere of the early earth makes the Miller-Urey type of chemical synthesis impossible, and asserts that the experiment does not work when an updated atmosphere is used. Therefore, textbooks should either discuss the experiment as an historically interesting yet flawed exercise or not discuss it at all. Wells concludes by saying that textbooks should replace their discussions of the Miller-Urey experiment with an "extensive discussion" of all the problems facing research into the origin of life. 

These allegations might seem serious; however, Wells's knowledge of prebiotic chemistry is seriously flawed. First, Wells's claim that researchers are ignoring the new atmospheric data, and that experiments like the Miller-Urey experiment fail when the atmospheric composition reflects current theories, is simply false. The current literature shows that scientists working on the origin and early evolution of life are well aware of the current theories of the earth's early atmosphere and have found that the revisions have little effect on the results of various experiments in biochemical synthesis. Despite Wells's claims to the contrary, new experiments since the Miller-Urey ones have achieved similar results using various corrected atmospheric compositions (Figure 1; Rode, 1999; Hanic et al., 2000). Further, although some authors have argued that electrical energy might not have efficiently produced organic molecules in the earth's early atmosphere, other energy sources such as cosmic radiation (e.g., Kobayashi et al., 1998), high temperature impact events (e.g., Miyakawa et al., 2000), and even the action of waves on a beach (Commeyras, et al., 2002) would have been quite effective. 

Even if Wells had been correct about the Miller-Urey experiment, he does not explain that our theories about the origin of organic "building blocks" do not depend on that experiment alone (Orgel, 1998a). There are other sources for organic "building blocks," such as meteorites, comets, and hydrothermal vents. All of these alternate sources for organic materials and their synthesis are extensively discussed in the literature about the origin of life, a literature that Wells does not acknowledge. In fact, what is most striking about Wells's extensive reference list is the literature that he has left out. Wells does not mention extraterrestrial sources of organic molecules, which have been widely discussed in the literature since 1961 (see Oró, 1961; Whittet, 1997; Irvine, 1998). Wells apparently missed the vast body of literature on organic compounds in comets (e.g. Oró, 1961; Anders, 1989; Irvine, 1998), carbonaceous meteorites (e.g. Kaplan et al., 1963; Hayes, 1967; Chang, 1994; Maurette, 1998; Cooper et al., 2001), and conditions conducive to the formation of organic compounds that exist in interstellar dust clouds ( Whittet, 1997). 

Wells also fails to cite the scientific literature on other terrestrial conditions under which organic compounds could have formed. These non-atmospheric sources include the synthesis of organic compounds in a reducing ocean (e.g., Chang, 1994), at hydrothermal vents (e.g., Andersson, 1999; Ogata et al., 2000), and in volcanic aquifers (Washington, 2000). A cursory review of the literature finds more than 40 papers on terrestrial prebiotic chemical synthesis published since 1997 in the journal Origins of life and the evolution of the biosphere alone. Contrary to Wells's presentation, there appears to be no shortage of potential sources for organic "building blocks" on the early earth.

Instead of discussing this literature, Wells raises a false "controversy" about the low amount of free oxygen in the early atmosphere. Claiming that this precludes the spontaneous origin of life, he concludes that "[d]ogma had taken the place of empirical science" (Wells 2000:18). In truth, nearly all researchers who work on the early atmosphere hold that oxygen was essentially absent during the period in which life originated (Copley, 2001) and therefore oxygen could not have played a role in preventing chemical synthesis. This conclusion is based on many sources of data, not "dogma." Sources of data include fluvial uraninite sand deposits (Rasmussen and Buick, 1999) and banded iron formations (Nunn, 1998; Copley, 2001), which could not have been deposited under oxidizing conditions. Wells also neglects the data from paleosols (ancient soils) which, because they form at the atmosphere-ground interface, are an excellent source to determine atmospheric composition (Holland, 1994). Reduced paleosols suggest that oxygen levels were very low before 2.1 billion years ago (Rye and Holland, 1998). There are also data from mantle chemistry that suggest that oxygen was essentially absent from the earliest atmosphere (Kump et al. 2001). Wells misrepresents the debate as over whether oxygen levels were 5/100 of 1%, which Wells calls "low," or 45/100 of 1%, which Wells calls "significant." But the controversy is really over why it took so long for oxygen levels to start to rise. Current data show that oxygen levels did not start to rise significantly until nearly 1.5 billion years after life originated (Rye and Holland, 1998; Copley, 2001). Wells strategically fails to clarify what he means by "early" when he discusses the amount of oxygen in the "early" atmosphere. In his discussion he cites research about the chemistry of the atmosphere without distinguishing whether the authors are referring to times before, during, or after the period when life is thought to have originated. Nearly all of the papers he cites deal with oxygen levels after 3.0 billion years ago. They are irrelevant, as chemical data suggest that life arose 3.8 billion years ago (Chang, 1994; Orgel, 1998b), well before there was enough free oxygen in the earth's atmosphere to prevent Miller-Urey-type chemical synthesis.

Finally, the Miller-Urey experiment tells us nothing about the other stages in the origin of life, including the formation of a simple genetic code (PNA or "peptide"-based codes and RNA-based codes) or the origin of cellular membranes (liposomes), some of which are discussed in all the textbooks that Wells reviewed. The Miller-Urey experiment only showed one possible route by which the basic components necessary for the origin of life could have been created, not how life came to be. Other theories have been proposed to bridge the gap between the organic "building blocks" and life. The "liposome" theory deals with the origin of cellular membranes, the RNA-world hypothesis deals with the origin of a simple genetic code, and the PNA (peptide-based genetics) theory proposes an even simpler potential genetic code (Rode, 1999). Wells doesn't really mention any of this except to suggest that the "RNA world" hypothesis was proposed to "rescue" the Miller-Urey experiment. No one familiar with the field or the evidence could make such a fatuous and inaccurate statement. The Miller-Urey experiment is not relevant to the RNA world, because RNA was constructed from organic "building blocks" irrespective of how those compounds came into existence (Zubay and Mui, 2001). The evolution of RNA is a wholly different chapter in the story of the origin of life, one to which the validity of the Miller-Urey experiment is irrelevant.

What the textbooks say
All of the textbooks reviewed contain a section on the Miller-Urey experiment. This is not surprising given the experiment's historic role in the understanding of the origin of life. The experiment is usually discussed over a couple of paragraphs (see Figure 2), a small proportion (roughly 20%) of the total discussion of the origin and early evolution of life. Commonly, the first paragraph discusses the Oparin-Haldane scenario, and then a second outlines the Miller-Urey test of that scenario. All textbooks contain either a drawing or a picture of the experimental apparatus and state that it was used to demonstrate that some complex organic molecules (e.g., simple sugars and amino acids, frequently called "building blocks") could have formed spontaneously in the atmosphere of the early earth. Textbooks vary in their descriptions of the atmospheric composition of the early earth. Five books present the strongly reducing atmosphere of the Miller-Urey experiment, whereas the other five mention that the current geochemical evidence points to a slightly reducing atmosphere. All textbooks state that oxygen was essentially absent during the period in which life arose. Four textbooks mention that the experiment has been repeated successfully under updated conditions. Three textbooks also mention the possibility of organic molecules arriving from space or forming at deep-sea hydrothermal vents (Figure 2). No textbook claims that these experiments conclusively show how life originated; and all textbooks state that the results of these experiments are tentative.

It is true that some textbooks do not mention that our knowledge of the composition of the atmosphere has changed. However, this does not mean that textbooks are "misleading" students, because there is more to the origin of life than just the Miller-Urey experiment. Most textbooks already discuss this fact. The textbooks reviewed treat the origin of life with varying levels of detail and length in "Origin of life" or "History of life" chapters. These chapters are from 6 to 24 pages in length. In this relatively short space, it is hard for a textbook, particularly for an introductory class like high school biology, to address all of the details and intricacies of origin-of-life research that Wells seems to demand. Nearly all texts begin their origin of life sections with a brief description of the origin of the universe and the solar system; a couple of books use a discussion of Pasteur and spontaneous generation instead (and one discusses both). Two textbooks discuss how life might be defined. Nearly all textbooks open their discussion of the origin of life with qualifications about how the study of the origin of life is largely hypothetical and that there is much about it that we do not know. 

Wells's evaluation
As we will see in his treatment of the other "icons," Wells's criteria for judging textbooks stack the deck against them, ensuring failure. No textbook receives better than a D for this "icon" in Wells's evaluation, and 6 of the 10 receive an F. This is largely a result of the construction of the grading criteria. Under Wells's criteria (Wells 2000:251-252), any textbook containing a picture of the Miller-Urey apparatus could receive no better than a C, unless the caption of the picture explicitly says that the experiment is irrelevant, in which case the book would receive a B. Therefore, the use of a picture is the major deciding factor on which Wells evaluated the books, for it decides the grade irrespective of the information contained in the text! A grade of D is given even if the text explicitly points out that the experiment used an incorrect atmosphere, as long as it shows a picture. Wells pillories Miller and Levine for exactly that, complaining that they bury the correction in the text. This is absurd: almost all textbooks contain pictures of experimental apparatus for any experiment they discuss. It is the text that is important pedagogically, not the pictures. Wells's criteria would require that even the intelligent design "textbook" Of Pandas and People would receive a C for its treatment of the Miller-Urey experiment. 

In order to receive an A, a textbook must first omit the picture of the Miller-Urey apparatus (or state explicitly in the caption that it was a failure), discuss the experiment, but then state that it is irrelevant to the origin of life. This type of textbook would be not only scientifically inaccurate but pedagogically deficient.

Why we should still teach Miller-Urey
The Miller-Urey experiment represents one of the research programs spawned by the Oparin-Haldane hypothesis. Even though details of our model for the origin of life have changed, this has not affected the basic scenario of Oparin-Haldane. The first stage in the origin of life was chemical evolution. This involves the formation of organic compounds from inorganic molecules already present in the atmosphere and in the water of the early earth. This spontaneous organization of chemicals was spawned by some external energy source. Lightning (as Oparin and Haldane thought), proton radiation, ultraviolet radiation, and geothermal or impact-generated heat are all possibilities.

The Miller-Urey experiment represents a major advance in the study of the origin of life. In fact, it marks the beginning of experimental research into the origin of life. Before Miller-Urey, the study of the origin of life was merely theoretical. With the advent of "spark experiments" such as Miller conducted, our understanding of the origin of life gained its first experimental program. Therefore, the Miller-Urey experiment is important from an historical perspective alone. Presenting history is good pedagogy because students understand scientific theories better through narratives. The importance of the experiment is more than just historical, however. The apparatus Miller and Urey designed became the basis for many subsequent "spark experiments" and laid a groundwork that is still in use today. Thus it is also a good teaching example because it shows how experimental science works. It teaches students how scientists use experiments to test ideas about prehistoric, unobserved events such as the origin of life. It is also an interesting experiment that is simple enough for most students to grasp. It tested a hypothesis, was reproduced by other researchers, and provided new information that led to the advancement of scientific understanding of the origin of life. This is the kind of "good science" that we want to teach students.

Finally, the Miller-Urey experiment should still be taught because the basic results are still valid. The experiments show that organic molecules can form under abiotic conditions. Later experiments have used more accurate atmospheric compositions and achieved similar results. Even though origin-of-life research has moved beyond Miller and Urey, their experiments should be taught. We still teach Newton even though we have moved beyond his work in our knowledge of planetary mechanics. Regardless of whether any of our current theories about the origin of life turn out to be completely accurate, we currently have models for the processes and a research program that works at testing the models.

How textbooks could improve their presentations of the origin of life
Textbooks can always improve discussions of their topics with more up-to-date information. Textbooks that have not already done so should explicitly correct the estimate of atmospheric composition, and accompany the Miller-Urey experiment with a clarification of the fact that the corrected atmospheres yield similar results. Further, the wealth of new data on extraterrestrial and hydrothermal sources of biological material should be discussed. Finally, textbooks ideally should expand their discussions of other stages in the origin of life to include PNA and some of the newer research on self-replicating proteins. Wells, however, does not suggest that textbooks should correct the presentation of the origin of life. Rather, he wants textbooks to present this "icon" and then denigrate it, in order to reduce the confidence of students in the possibility that scientific research can ever establish a plausible explanation for the origin of life or anything else for that matter. If Wells's recommendations are followed, students will be taught that because one experiment is not completely accurate (albeit in hindsight), everything else is wrong as well. This is not good science or science teaching.

DARWIN'S TREE OF LIFE
Phylogenetic trees
In biology, a phylogenetic tree, or phylogeny, is used to show the genealogic relationships of living things. A phylogeny is not so much evidence for evolution as much as it is a codification of data about evolutionary history. According to biological evolution, organisms share common ancestors; a phylogeny shows how organisms are related. The tree of life shows the path evolution took to get to the current diversity of life. It also shows that we can ascertain the genealogy of disparate living organisms. This is evidence for evolution only in that we can construct such trees at all. If evolution did not happen or common ancestry is false, we would not be able to discover hierarchical branching genealogies for organisms (although textbooks do not generally explain this well). Referring to any phylogenetic tree as "Darwin's tree of life" is somewhat of a misnomer. Darwin graphically presented no phylogenies in the Origin of Species; the only figure there depicts differential rates of speciation. If anyone deserves credit for giving us "trees of life," it is Ernst Haeckel, who drew phylogenies for many of the living groups of animals literally as trees, as well as coining the term itself.

Wells's shell game
Wells uses phylogenetic trees to attack the very core of evolution -- common descent. Wells claims that textbooks mislead students about common descent in three ways. First, Wells claims that textbooks do not cover the "Cambrian Explosion" and fail to point out how this "top-down" evolution poses a serious challenge to common descent and evolution. Second, he asserts that the occasional disparity between morphological and molecular phylogenies disproves common descent. Finally, he demands that textbooks treat universal common ancestry as unproven and refrain from illustrating that "theory" with misleading phylogenies. Therefore, according to Wells, textbooks should state that there is no evidence for common descent and that the most recent research refutes the concept entirely. Wells is completely wrong on all counts, and his argument is entirely based on misdirection and confusion. He mixes up these various topics in order to confuse the reader into thinking that when combined, they show an endemic failure of evolutionary theory. In effect, Wells plays the equivalent of an intellectual shell game, putting so many topics into play that the "ball" of evolution gets lost.

The Cambrian Explosion
Wells claims that the Cambrian Explosion "presents a serious challenge to Darwinian evolution" (Wells 2000:41) and the validity of phylogenetic trees. The gist of Wells's argument is that the Cambrian Explosion happened too fast to allow large-scale morphological evolution to occur by natural selection ("Darwinism"), and that the Cambrian Explosion shows "top-down" origination of taxa ("major" "phyla" level differences appear early in the fossil record rather than develop gradually), which he claims is the opposite of what evolution predicts. He asserts that phylogenetic trees predict a different pattern for evolution than what we see in the Cambrian Explosion. These arguments are spurious and show his lack of understanding of basic aspects of both paleontology and evolution. 

Wells mistakenly presents the Cambrian Explosion as if it were a single event. The Cambrian Explosion is, rather, the preservation of a series of faunas that occur over a 15-20 million year period starting around 535 million years ago (MA). A fauna is a group of organisms that live together and interact as an ecosystem; in paleontology, "fauna" refers to a group of organisms that are fossilized together because they lived together. The first fauna that shows extensive body plan diversity is the Sirius Passet fauna of Greenland, which is dated at around 535 MA (Conway Morris, 2000). The organisms preserved become more diverse by around 530 MA, as the Chenjiang fauna of China illustrates (Conway Morris, 2000). Wells erroneously claims that the Chenjiang fauna predates the Sirius Passet (Wells 2000:39). The diversification continues through the Burgess shale fauna of Canada at around 520 MA, when the Cambrian faunas are at their peak (Conway Morris, 2000). Wells makes an even more important paleontological error when he does not explain that the "explosion" of the middle Cambrian is preceded by the less diverse "small shelly" metazoan faunas, which appear at the beginning of the Cambrian (545 MA). These faunas are dated to the early Cambrian, not the Precambrian as stated by Wells (Wells 2000:38). This enables Wells to omit the steady rise in fossil diversity between the beginning of the Cambrian and the Cambrian Explosion (Knoll and Carroll, 1999).

In his attempt to make the Cambrian Explosion seem instantaneous, Wells also grossly mischaracterizes the Precambrian fossil record. In order to argue that there was not enough time for the necessary evolution to occur, Wells implies that there are no fossils in the Precambrian record that suggest the coming diversity or provide evidence of more primitive multicellular animals than those seen in the Cambrian Explosion (Wells 2000:42-45). He does this not by producing original research, but by selectively quoting paleontological literature on the fossil record and claiming that this proves that the fossil record is complete enough to show that there were no precursors for the Cambrian Explosion animals. This claim is false. His evidence for this "well documented" Precambrian fossil record is a selective quote from the final sentence in an article by Benton et al. (2000). While the paper's final sentence does literally say that the "early" parts of the fossil record are adequate for studying the patterns of life, Wells leaves out a critical detail: the sentence refers not to the Precambrian, but to the Cambrian and later times. Even more ironic is the fact that the conclusion of the paper directly refutes Wells's claim that the fossil record does not support the "tree of life." Benton et al. (2000) assessed the completeness of the fossil record using both molecular and morphological analyses of phylogeny. They showed that the sequence of appearance of major taxa in the fossil record is consistent with the pattern of phylogenetic relationships of the same taxa. Thus they concluded that the fossil record is consistent with the tree of life, entirely opposite to how Wells uses their paper.

Wells further asserts that there is no evidence for metazoan life until "just before" the Cambrian explosion, thereby denying the necessary time for evolution to occur. Yet Wells is evasive about what counts as "just before" the Cambrian. Cnidarian and possible arthropod embryos are present 30 million years "just before" the Cambrian (Xiao, et al., 1998). There is also a mollusc, Kimberella, from the White Sea of Russia (Fedonkin and Waggoner, 1997) dated approximately 555 million years ago, or 10 million years "just before" the Cambrian (Martin et al., 2000). This primitive animal has an uncalcified "shell," a muscular foot (Fedonkin and Waggoner, 1997), and a radula inferred from "mat-scratching" feeding patterns surrounding fossilized individuals (personal observation; Seilacher, pers. comm.). These features enable us to recognize it as a primitive relative of molluscs, even though it lacks a calcified shell. There are also Precambrian sponges (Gehling and Rigby, 1996) as well as numerous trace fossils indicating burrowing by wormlike metazoans beneath the surface of the ocean's floor (Seilacher, 1994; Fedonkin, 1994). Trace fossils demonstrate the presence of at least one ancestral lineage of bilateral animals nearly 60 million years "just" before the Cambrian (Valentine, 2000). Sixty million years is approximately the same amount of time that has elapsed since the extinction of non-avian dinosaurs, providing plenty of time for evolution. In treating the Cambrian Explosion as a single event preceded by nothing, Wells misrepresents fact -- the Cambrian explosion is not a single event, nor is it instantaneous and lacking in any precursors. 

Continuing to move the shells, Wells invokes a semantic sleight of hand in resurrecting a "top-down" explanation for the diversity of the Cambrian faunas, implying that phyla appear first in the fossil record, before lower categories. However, his argument is an artifact of taxonomic practice, not real morphology. In traditional taxonomy, the recognition of a species implies a phylum. This is due to the rules of the taxonomy, which state that if you find a new organism, you have to assign it to all the necessary taxonomic ranks. Thus when a new organism is found, either it has to be placed into an existing phylum or a new one has to be erected for it. Cambrian organisms are either assigned to existing "phyla" or new ones are erected for them, thereby creating the effect of a "top-down" emergence of taxa.

Another reason why the "higher" taxonomic groups appear at the Cambrian Explosion is because the Cambrian Explosion organisms are often the first to show features that allow us to relate them to living groups. The Cambrian Explosion, for example, is the first time we are able to distinguish a chordate from an arthropod. This does not mean that the chordate or arthropod lineages evolved then, only that they then became recognizable as such. For a simple example, consider the turtle. How do you know a turtle is a turtle? By the shell. How would you recognize the ancestors of the living turtle, before they evolved the shell? That is more complicated. Because its ancestors would have lacked the diagnostic feature of a shell, ancestral turtles may be hard to recognize (Lee, 1993). In order to locate the remote ancestors of turtles, other, more subtle, features must be found. 

Similarly, before the Cambrian Explosion, there were lots of "worms," now preserved as trace fossils (i.e., there is evidence of burrowing in the sediments). However, we cannot distinguish the chordate "worms" from the mollusc "worms" from the arthropod "worms" from the worm "worms." Evolution predicts that the ancestor of all these groups was worm-like, but which worm evolved the notochord, and which the jointed appendages? In his argument, Wells confuses the identity of the individual with how we diagnose that identity, a failure of logic that dogs his discussion of homology in the following chapter. If the animal does not have the typical diagnostic features of a known phyla, then we would be unable to place it and (by the rules of taxonomy) we would probably have to erect a new phylum for it. When paleontologists talk about the "sudden" origin of major animal "body plans," what is "sudden" is not the appearance of animals with a particular body plan, but the appearance of animals that we can recognize as having a particular body plan. Overall, however, the fossil record fits the pattern of evolution: we see evidence for worm-like bodies first, followed by variations on the worm theme. Wells seems to ignore a growing body of literature showing that there are indeed organisms of intermediate morphology present in the Cambrian record and that the classic "phyla" distinctions are becoming blurred by fossil evidence (Budd, 1998, 1999; Budd and Jensen, 2000).

Finally, the "top-down" appearance of body-plans is, contrary to Wells, compatible with the predictions of evolution. The issue to be considered is the practical one that "large-scale" body-plan change would of course evolve before minor ones. (How can you vary the lengths of the beaks before you have a head?) The difference is that, many of the "major changes" in the Cambrian were initially minor ones. Through time they became highly significant and the basis for "body-plans." For example, the most primitive living chordate Amphioxus is very similar to the Cambrian fossil chordate Pikia. Both are basically worms with a stiff rod (the notochord) in them. The amount of change between a worm and a worm with a stiff rod is relatively small, but the presence of a notochord is a major "body-plan" distinction of a chordate. Further, it is just another small step from a worm with a stiff rod to a worm with a stiff rod and a head (e.g., Haikouella; Chen et al., 1999) or a worm with a segmented stiff rod (vertebrae), a head, and fin folds (e.g., Haikouichthyes; Shu et al., 1999). Finally add a fusiform body, fin differentiation, and scales: the result is something resembling a "fish" (Figure 3). But, as soon as the stiff rod evolved, the animal was suddenly no longer just a worm but a chordate -- representative of a whole new phylum! Thus these "major" changes are really minor in the beginning, which is the Precambrian-Cambrian period with which we are concerned.

Congruence of phylogenies based on different sources of data
Wells also points to the occasional lack of congruence between molecular- and morphology-based phylogenies as evidence against common descent. (Molecular phylogenies are based on comparisons of the genes of organisms.) Wells omits the fact that the discrepancies are frequently small, and their causes are largely understood (Patterson et al., 1993; Novacek, 1994). Although not all of these discrepancies can yet be corrected for, most genetic and morphological phylogenies are congruent for 90% of the taxa included. For example, all phylogenies, whether morphological or molecular, consider all animals bearing amniotic eggs to be more closely related to one another than to amphibians. Within this group, all reptiles and birds are more closely related to each other than they are to mammals. Finally, birds and crocodiles are more closely related to each other than to lizards, snakes, and the tuatara (Gauthier et al., 1988; Gauthier, 1994). The only group whose placement varies for both molecular and morphology data sets is turtles. This is due to a phenomenon called "long branch attraction" or the "Felsenstein Zone" (Huelsenbeck and Hillis, 1993). Long branch attraction is caused when a organism has had so much evolutionary change that it cannot be easily compared to other organisms, and due to the nature of the methodology used to evaluate phylogeny, it can appear to be related to many possible organisms (Felsenstein, 1978; Huelsenbeck and Hillis, 1993). This is the case for turtles. Turtles are so morphologically and genetically different from the rest of the reptiles that they are hard to place phylogenetically (Zardoya and Meyer, 2001). Still, researchers have narrowed down the possible turtle relationships to a few possibilities (Rieppel and deBraga, 1996; Lee, 1997; deBraga and Rieppel, 1997; Zardoya and Meyer, 1998; Rieppel and Reiz, 1999; Rieppel, 2000; Figure 4) and none of these claim turtles are mammals. The uncertainty over the precise placement of turtles with respect to other groups, however, does not mean that they did not evolve. Unfortunately, genes can never be totally compared to morphology since genetic trees cannot take fossil taxa into account: genes don't fossilize. No diagnostic tool of science is perfect. The imperfections in phylogenetic reconstruction do not make common ancestry false. Besides, are these extremely technical topics really appropriate for introductory textbooks?

Instead of clearly discussing these actual phylogenetic issues, Wells invents one that isn't even real. He cites a 1998 paper that placed cows phylogenetically closer to whales than to horses, calling that finding "bizarre" ((Wells 2000:51). Yet this is not "bizarre" at all; it was expected. All the paleontological and molecular evidence points to a whale origin within artiodactyls, and further to the fact that artiodactyls (cows, deer, antelopes, pigs, etc.) are not more closely related to perissodactyls (horses, rhinos, and the tapir) than they are to whales (Novacek, 1992, 2001). Wells makes this statement smugly, as if to suggest that everyone should think that this sounds silly. Unfortunately, it is Wells's criticism that is silly.

The Universal Common Ancestor
Finally, Wells cites the "failure" of molecular phylogeny to clarify the position of the Universal Common Ancestor as proof that there is no common ancestry for any of life. Here, Wells mixes up the different scales of descent in order to tangle the reader in a thicket of phylogenetic branches. He is attacking the notion that life originated with one population, and that all life can trace its ancestry back to that population, the Universal Common Ancestor (UCA). The problem has been that it is hard to determine relationships when there is nothing to compare to. How do you compare "not life" to "life"? We have no fossils of the earliest forms of life, and the high degree of genetic change that has occurred in the 3.8 billion years since the early stages of life make it nearly impossible to reconstruct the "original" genetic code. This does not invalidate the concept of common ancestry; it just makes it difficult and potentially impossible to untangle the lineages. And this does not mean that there is not one real lineage: the inability to determine the actual arrangement of "domains" at the base of the tree or to characterize the UCA does not make the UCA any less real than the inability to characterize light unambiguously as either a wave or a particle makes light unreal. 

Some authors (e.g., Woese, 1998) go further and suggest that there is no "UCA"; rather, they suggest, life arose in a soup of competing genomes. These genomes were constantly exchanging and mixing, and thus cellular life may have arisen multiple times. Wells misrepresents the statements of those scientists to make it look as if they are questioning the entirety of common ancestry, when what they question is just the idea of a single common ancestor at the base of life. Further, when some suggest that we should abandon the search for the UCA, they do not mean that they don't think it existed. They mean only that it may be a waste of time to try to find it given the current technology and methods at our disposal. Regardless of the status of a UCA, which is at the base of the tree of life, the entire debate has nothing to do with the branches of the tree -- the shared descent of eukaryotes, of animals, or common descent among vertebrates, arthropods, or angiosperms (Figure 5). That is still a lot of evolution that Wells's inaccurate attack on the idea of a UCA does nothing to dispel.

What the textbooks say
The concept of common ancestry is at the core of evolution. The very idea that different species arise from previous forms via descent implies that all living things share a common ancestral population at some point in their history. This concept is supported by the fossil record, which shows a history of lineages changing through time. Because evolution is the basis for biology, it would be surprising if any textbook teaching contemporary biology would portray common descent other than matter-of-factly.

Textbooks treat the concept of common descent in basically the same way as do scientists; they accept common ancestry of living things as a starting point, and proceed from there. Phylogenies thus appear in many places in a text, which makes it very hard to evaluate exactly how texts "misrepresent" biological evolution using trees. Most texts show a phylogeny in chapters discussing systematics and taxonomy. In this section there is usually a tree of "kingdom" or "domain" relationships, which may be what Wells considers a tree showing "universal" common ancestry; unfortunately, his discussion is too vague for a reader to be sure whether that is what he is referring to. Many textbooks show additional, more detailed trees in their discussions of different taxonomic groups. In terms of textbook presentations, then, there is no single "Darwin's tree of life" presented in some iconic state, but many various phylogenies shown in the appropriate sections of most books. Textbooks also present trees in the chapters on processes and mechanisms of evolution, in the "Origin of life" or "History of life" chapters, and in chapters dealing with individual taxonomic groups. This is because phylogenetic trees are not part of the "evidence for evolution," but rather graphical representations of the history, genealogy, and taxonomy of life. No textbook misrepresents the methods that are used to construct trees or the trees themselves, although some trees contain out-of-date relationships and occasionally incorrect identifications of organisms pictured in them. When textbooks cover the Cambrian period, the rapid appearance of many body plans is discussed not as a "paradox" for evolutionary theory, but as an interesting event in the history of life -- which is how paleontologists and evolutionary biologists consider it.

Wells's evaluation
Overall, Wells's grading system for this "icon" is so nebulous that it is hard to figure out exactly how he evaluated the textbooks at all. The "Universal Common Ancestor" is far different from the "Cambrian explosion." These deal with very different places in the "tree of life" as well as very different issues in evolution. Wells's grades seem largely based on presentations of "common ancestry." For example, according to Wells, if the textbook treats common ancestry as "fact," then it can do no better than a D. In order to get a C or better, a book must also discuss the "top-down" nature of the Cambrian explosion as a "problem" for evolution; if a book only mentions the Cambrian Explosion, it gets a D. Here Wells does not even apply his grading scheme consistently (Figure 6). For example, Wells chastises textbooks (Miller and Levine's in particular) for not discussing the Cambrian Explosion, yet most of the textbooks he reviews actually mention it (Figure 6) and Miller and Levine devote an entire page (p. 601) to it. Many of the reviewed textbooks discuss the Cambrian period in the history of life sections, but do not specifically call it an "explosion." These discussions usually mention that it was a "rapid" origin of animal groups. Does Wells actually require that the book explicitly mention "Cambrian Explosion" by name? If so, it should have been specified in the criteria. Or is it that it he only looked for "Cambrian Explosion" in the notoriously spotty indexes of the textbooks? A reevaluation suggests that five of the books to which he gives an F should receive, even by his criteria, a D. Finally, one text (Miller and Levine's) even mentions the confusing nature of the basal divergence of life caused by lateral transfer, yet this discussion can receive no credit in the grading. This is because although Wells considers the "phylogenetic thicket" to be extremely important to reject universal common ancestry, he apparently does not consider it important enough to account for it in his grading scheme. All of this calls into question how well Wells actually reviewed the texts he graded as well as whether his grades have any utility at all.

Why we should continue to teach common descent
There is no reason for texts to significantly alter their presentations of common descent or phylogenetic trees. As long as biological evolution is the paradigm of biology, common descent should be taught. All living organisms that reproduce have offspring that appear similar to, but not exactly like, their parents. We can observe descent with modification every day, and like Darwin, we can confidently extrapolate that it has gone on throughout the history of life. Through this process, small differences would accumulate to larger differences and result in the evolution of diversity that we see today and throughout the history of life. 

The concept of descent allows us to make testable predictions about the fossil record and the genetics of organisms. For example, we predict that all animals sharing a common ancestor would have a similar genetic code, use the same cellular processes, and so on; these predictions are confirmed by biochemistry and genetics. In terms of fossils, we would expect to see animals with transitional morphologies in the past, as well as animals that appear similar, but not identical, to those living today. We also predict that these organisms, both past and present, can be arranged into a branching hierarchy of forms, which appears much like a genealogy. This is what the biological community considers science; this is what we should teach.

How textbooks could improve their presentations of phylogeny
There is always room for improvement in the presentations of the concept of common descent. Textbooks could improve by updating the phylogenies, many of which are now out-of-date. They should also remove discussions of "phenetics" (an outdated form of phylogenetic reconstruction and classification) from the phylogenetic reconstruction sections, and expand discussions of cladistics and more modern descent-based taxonomies. Finally, textbooks should make a clear distinction between molecular clocks and genetic phylogenies, something many fail to do clearly. However, to make textbooks conform to Wells's criteria would be to misrepresent the entire life sciences and to deprive students of pedagogically useful visual representations of the unity of life. 

HOMOLOGY
Homology 
Homology is a specific explanation of similarity of form seen in the biological world. Similarities can often be explained by common descent; features are considered homologous if they are shown to be inherited from a common ancestor. For example, although the arms of four-limbed vertebrates externally appear quite different, all have the same basic underlying skeletal and muscular pattern. Such shared patterns are best explained by the inference that they were inherited from a common ancestor that also had this pattern. Proposed homologies are evaluated using comparative anatomy, genetics, development, and behavior. 

Wells rides the homology merry-go-round...
Wells claims that homology is used in a circular fashion by biologists because textbooks define homology as similarity inherited from a common ancestor, and then state that homology is evidence for common ancestry. Wells is correct: this simplified reading of homology is indeed circular. But Wells oversimplifies a complex system into absurdity instead of trying to explain it properly. Wells, like a few biologists and many textbooks, makes the classic error of confusing the definition of homology with the diagnosis of a homologous structure, the biological basis of homology with a procedure for discovering homology. In his discussion, he confuses not only the nature of the concept but also its history; the result is a discussion that would confuse. What is truly important here is not whether textbooks describe homology circularly, but whether homology is used circularly in biology. When homology is properly understood and applied, it is not circular at all.

...back to the future 
Before 1859, the year Darwin published the Origin of Species, homology was defined as similarity of structure and position, and distinguished (although inconsistently) from "analogy," which was defined as similarity of function but not necessarily of structure and position. An example of homology and analogy are the wings of birds and bats. The arms of birds and bats would be considered homologs because they have the same structure and position in both animals. Their wings, however, are analogs. Both wings have the same function (flight), yet the bird's wing is made of feathers, and the bat's is made of skin. They are different structures. 

The pre-Darwinian basis for similarity was the idea of an "archetype." The archetype, however, was never clearly defined. The idea belongs to a morphological theory that came from the German transcendentalist philosophers of the late 1700s and early 1800s. It was largely out of fashion by the 1840s, but Richard Owen, who codified this distinction, was dedicated to a philosophy of transcendental causes, as many historians of science have noted (e.g. Russell 1916; Desmond 1982; Rupke 1993; Padian 1995a, 1997). 

Yet the pattern of the biological world more resembles a genealogy than a gallery of cookie-cutter "archetypes." Darwin accounted for the similarities in structure and position among very different animals as being the result of natural selection working on shared ancestral patterns. The concept of homology shifted from reflecting a vague "archetype" to reflecting descent with modification.

Today, biologists still diagnose homologous structures by first searching for structures of similar form and position, just as pre-Darwinian biologists did. (They also search for genetic, histological, developmental, and behavioral similarities.) However, in our post-Darwin period, biologists define a homologous structure as an anatomical, developmental, behavioral, or genetic feature shared between two different organisms because they inherited it from a common ancestor. Because not all features that are similar in two organisms are necessarily inherited from a common ancestor, and not all features inherited from a common ancestor are similar, it is necessary to test structures before they can be declared homologous. To answer the question, "could this feature in these groups be inherited from a common ancestor?" scientists compare the feature across many groups, looking for patterns of form, function, development, biochemistry, and presence and absence. Many features are tested simultaneously against genealogy through a process that Kluge (1997; see also Kluge, 1998, 1999 for discussions of independent homology tests) termed testing "multiple ad hoc hypotheses of homology."

If, considering all the available evidence, the distribution of characteristics across many different groups resembles a genealogical pattern, it is very likely that the feature reflects common ancestry. Future tests based on more features and more groups could change those assessments, however -- which is normal in the building of scientific understanding. Nevertheless, when a very large amount of information from several different areas (anatomy, biochemistry, genetics, etc.) indicates that a set of organisms is genealogically related, then scientists feel confident in declaring the features that they share are homologous. Finally, while judgments of homology are in principle revisable, there are many cases in which there is no realistic expectation that they will be overturned.

So Wells is wrong when he says that homology assumes common ancestry. Whether a feature reflects common ancestry of two or more animal groups is tested against the pattern it makes with these as well as other groups. Sometimes, though not always, the pattern reflects a genealogical relationship among the organisms -- at which point the inference of common ancestry is made. Today, the testing process is carried out by a method called "phylogenetic systematics" or "cladistics," which can be done without assuming an evolutionary relationship among the groups -- but descent with modification is the best explanation for the patterns the comparisons of features reveals. 

Evolution and homology are closely related concepts but they are not circular: homology of a structure is diagnosed and tested by outside elements: structure, position, etc., and whether or not the pattern of distribution of the trait is genealogical. If the pattern of relationships looks like a genealogy, it would be perverse to deny that the trait reflects common ancestry or that an evolutionary relationship exist between the groups. Similarly, the closeness of the relationship between two groups of organisms is determined by the extent of homologous features; the more homologous features two organisms share, the more recent their common ancestor. Contrary to Wells's contention, neither the definition nor the application of homology to biology is circular. 

As mentioned, new evidence from various fields of biology has expanded our understanding of homology beyond just anatomical structures. Anatomical homologies, behavioral homologies, developmental homologies, and genetic homologies can be independently diagnosed and tested.

Behavioral homology recognizes features of animal behavior that can be traced to common ancestry. For example, consider the nesting practices of birds and crocodilians. Both of these groups share the behaviors of nest-building, parental care of young, and "singing" to defend territory and attract mates. Most people know birds do these things, but fewer know that their cousins the alligators and crocodiles do these things as well. They inherited these behaviors from a shared ancestor. Because of homology, we infer these behaviors for their extinct ancestors as well; thus it came as no surprise when fossils of many non-avian dinosaurs were found nesting with their young (Horner and Makela 1979; Horner 1982; Clark et al. 1999). 

Developmental homologies are features in the developmental programs of organisms. An example of this is the "pharyngeal pouches" that nearly all vertebrates acquire to some degree during their development, but which become very different structures in the adults. For example, the embryological pharyngeal pouches of jawless chordates (e.g., Amphioxus, hagfishes, and lampreys) develop into pharyngeal arches and slits, which support the gill structure and allow water to exit the pharynx after passing over the gills. In jawed vertebrates, such as sharks and fish, the pharyngeal pouches develop into gill supports and portions of the jaw skeleton. In land vertebrates (tetrapods), these arches and pouches develop into jaw skeleton and musculature, but other pouches/arches, which in gill bearing vertebrates developed into gill structure, now develop into ear bones and cavities and thyroid and tracheal cartilages (Gilbert 2000). The evolution of the different adult pharyngeal morphologies of vertebrates are the results of alterations of these embryonic structures and their components through the developmental program (Graham 2001). 

Today we also recognize genetic homologies. There are similar genes that control the development of non-homologous features. For example, there is a gene, named "Pax6," possessed by fruit flies, mice, and many other organisms, which influences the development of the eye. Biologists hypothesize that the gene is inherited from a common ancestor not only because of its biochemical similarity but also because of its distribution in numerous taxa. However, the actual eyes that the gene forms are not a result of common ancestry -- their shared ancestor most likely lacked eyes, although it may have had light-sensing ability. The eyes of flies, mice, and many other creatures are of different structure and position and are not historically continuous, yet the Pax6 gene is historically continuous and responsible for them all. This homologous gene functions as a "switch" that triggers the development of light-sensing organs Gilbert 2000), but the "downstream" genes that they trigger are no longer the same: they govern different developmental programs and thus build structurally different eyes in flies, mice, and other organisms. The relatively new field of evolutionary developmental biology (evo-devo for short) deals with these processes. The discoveries made in just the last 10 years in this field have greatly increased our understanding of homology, and have made the picture more complex. Wells nearly ignores this important new field in his discussion, a surprising omission for one whose background includes a degree in biology.

Homology, evolution, and the nature of science
Some formulations of the concept of homology appear to be circular, but as discussed above, because there is an external referent (the pattern that characteristics take across groups) that serves as an independent test, the concept, properly defined and understood, is not. Wells's claim that homology is circular reveals a mistaken idea of how science works. In science, ideas frequently are formulated by moving back and forth between data and theory, and scientists regularly distinguish between the definition of a concept and the evidence used to diagnose and test it.

Homology is in fact no more circular than the methods used in geology to determine paleogeography and plate tectonics. For example, in the 1920s, Alfred Wegener used the shape of the continents, the correlation of rock strata, the correlation of fossil organisms, and the position of glacial striations as evidence for his proposal that the continents were once joined in one supercontinent and have subsequently "drifted" to their current locations. Today, geologists can estimate where a certain section of a continent used to be by looking at polar wander, paleomagnetism, glacial striations, correlation of strata and fossils, and shape. Is this any more circular than the reasoning for homology? No. Evidence was used to infer that continents had moved, and then the concept of plate tectonics was applied to different data to determine the positions of continents at different times. The analogy to plate tectonics is also relevant to Wells's implication ((Wells 2000:77) that we don't fully understand the mechanisms of homology: the mechanism of sea floor spreading may not yet be fully understood, but the continents still move.

What the textbooks say
The presentations of homology in the textbooks reviewed by Wells differ only in the lengths of their discussions. Overall, textbooks give homology (usually including discussions of analogy and vestigial features) 2-10 paragraphs (Figure 7). Because the shorter introductory textbooks have little space to devote to the complexities of how homology is defined, diagnosed, and applied, their explanations verge on the circular. The longer upper-level textbooks make a clearer distinction between the explanation for homology (common ancestry) and using sets of homologies to reconstruct relationships (Figure 7). All textbooks include diagrams of the forelimbs of various vertebrates, and all but one color-code homologous elements for easy identification. Guttman includes a second figure showing homologous bones in a number of tetrapods and one fish skull, clearly illustrating how skulls have been reshaped. Futuyma, Guttman, and Campbell, et al. include the best discussions and illustrations of homology, but nevertheless earn a D from Wells.

Most textbooks include discussions of analogy and vestigial structures along with discussions of homology. Analogous features are features with similar functions (but not necessarily similar structures) that are not inherited from a common ancestor but evolved convergently, whereas vestigial features are remnant structures that have been retained from previous forms. Wells notably leaves out any mention of analogous features or vestigial structures from his evaluation (such as the limb girdles of snakes or the limb girdles of whales cited by most textbooks).

Wells's textbook evaluation
According to Wells, textbooks should explain that homologies are similarities of structure and function due not to common ancestry but to a common "archetype" or basic plan on which all forms were based (Wells is remarkably cagey as to what he means by "archetype"). When Wells proposes that textbooks revert to a pre-Darwinian view of homology, he doesn't explain what that would mean for biology or biology teaching. He doesn't explain that it would replace a testable model (descent) with a non-existent, untestable, transcendentalist construct. Wells is vague because he merely wants to advance his position and the archetype is consistent with some notion of special creation, as favored by proponents of "intelligent design" creationism and their allies.

Wells's grades (he gives only Ds and Fs) appear to correlate with the length of the textbook's coverage (Figure 7). For example, all books given Ds devote well over 200 words to the discussion of homology, whereas the three books given an F devote fewer than 200 words. This is because the difference between a D and an F for Wells is whether the book defines homology "circularly." Therefore, the ability to treat homology "well" (meaning a D) depends largely on how much space is devoted to the discussion of it. Wells does, however, allow the book to have a picture. In order to receive a B or better, textbooks must define homology as similarity of structure and position and state that homology is based on the concept of an "archetype." Further, they should state that an "archetype" could mean many things, not just common ancestry. He also wants textbooks to state -- inaccurately -- that mechanisms such as genetics and developmental programs do not account for homology. Finally, he wants textbooks to state that the concept of homology is "controversial." This scheme is rigged for failure because contemporary biology does not consider homology to be either controversial or based on archetypes. There is certainly no reason to accept these grading criteria.

Why we should still teach that homology is a result of common ancestry
As our current knowledge of biology suggests, there is no reason to doubt the fact that the patterns of structures, behavior, genes, and developmental programs fit best with the hypothesis that all organisms share common ancestors. Many of the similarities among these widely divergent groups are a result of that ancestry. The questions currently being debated in biology are not whether homology is real, but rather what structures are homologous and how we may best determine homology (because our diagnostic approaches are fallible). This type of discussion of reliability of methodology is typical for science in all fields, not just biology. Descent is the basis for homology; similar genes, acting through development, convey homology between generations. Genes build structures through their interactions in the developmental program. Therefore genes, development, and similarity of structure and position are discovery procedures for homology; they help biologists to determine evolutionary relationships. This fits the patterns and processes we observe in the natural world; this is what we should teach. 

How textbooks could improve their discussions of homology
The biggest flaw in textbook descriptions of homology is that they, like Wells, tend to confuse the definition of homology with the diagnosis of homologous features. Textbooks need to state explicitly that homologies are similarities seen in the biological world that are best explained as being due to common descent. They should then explain how homologous structures are diagnosed by their similar structure and position, biochemical basis, developmental path, and so on. A more detailed and lengthened discussion would help to remove the appearance of circularity caused by oversimplified descriptions. Describing how homology is used as a tool to discover evolutionary relationships would make it a much more pedagogically useful concept for students because it would show them how evolutionary biologists use anatomical observations to discover evolutionary relationships. Finally, adding the notions of multiple layers of homology from genetics and developmental biology would better show students just how different lines of evidence converge to support homologies and phylogenies. Textbooks should not follow Wells's suggestion to say that homology is merely similarity in structure and position, nor should they state that there are "other" reasons for homologies beyond inheritance from a common ancestor. To revert to Wells's 19th-century notion of homology would leave students unprepared to participate in 21st-century science.

HAECKEL'S EMBRYOS
Ernst Haeckel and comparative embryology
Ernst Haeckel (1834-1919) is both a hero and a villain in the biological community. He was a prominent figure in the late nineteenth-century comparative anatomy community and is famous for his phylogenetic trees, anatomical illustrations, support for evolution, and strong personality. He is perhaps as well known, and considerably misunderstood, for his studies in embryology and his dictum that "ontogeny recapitulates phylogeny," called the Biogenetic Law. Haeckel espoused the view that evolution generally proceeds by placing each innovation on top of a previous one, like adding layers on a cake. Therefore, the embryo of an "advanced" organism should pass through ("recapitulate") the adult stages of more "primitive" forms as it develops. However, repeated observations of development by other workers (e.g., Wilhelm His, Walter Garstang, Wilhelm Roux, Adam Sedgwick, Gavin de Beer, and others; see Gilbert ed. 1991, or Gould 1977 for a detailed history) clearly showed that embryos do not go through adult stages of lower forms; rather, they share many common features in development. No biologist has accepted the biogenetic law for many decades. Much of Haeckel's developmental work is now considered invalid, and some historians of science have provided reasonable evidence to suggest that he fudged his drawings to fit his preconceived views about development and evolution. Haeckel's views about the progressive nature of evolution is no longer accepted. 

Regardless of Haeckel's accuracy or preconceptions, comparative embryology continues to be central to our understanding of evolution. Comparative embryology shows how different adult structures of many animals have the same embryonic precursors. These shared developmental features suggest that many animals have ancestors in common. Further comparative embryology shows that closely related animals show a unity of developmental pattern, particularly in earlier stages, and have more developmental features in common than do more distantly related organisms. The fact that certain incipient structures such as pharyngeal pouches or arches exist in all vertebrate embryos yet develop into very different adult structures suggests that they all share a common ancestor whose embryo had pharyngeal pouches (at least at some stage in development). In this way, developmental similarities that are inherited from a common ancestor are homologous, just like the patterns of bones in adult limbs. 

Developing an argument
Wells's entire chapter on embryology amounts to little more than a misreading of Darwin, Haeckel, and others, combined with a general failure to acknowledge recent work on Haeckel and his embryos by Gould, Richardson, and others. In it, he conflates ideas in history of developmental biology with ideas of contemporary developmental biology. He also fails to recognize close to 60 years of work in developmental biology and thus completely omits any discussion of the real developmental evidence for evolution. It almost seems that Wells's goal is to discredit the entire field of comparative embryology by proxy, employing a bait-and-switch between Haeckel and Darwin. Wells's ploy is reminiscent of a child's false logic proof. It goes like this: Darwin relied on Haeckel, Haeckel was a fraud, therefore Darwin is a fraud. 

The charge that Ernst Haeckel intentionally "faked" his drawings is irrelevant. Regardless of his intent, the drawings that Haeckel made are incorrect, especially in what he labeled as the "first stage." But it really does not matter what Haeckel thought or whether his drawings are accurate: modern comparative embryology does not stand or fall on the accuracy of Haeckel any more than modern physics stands or falls on the accuracy of Kepler or Newton. Historically, Wells actively ignores the accurate work of many of Haeckel's predecessors and contemporaries (such as William and Jeffrey Parker, Hans Gadow, Hans Selenka, Heinrich Rathke, Virgil Leighton, Hugo Schauinsland, Alfred Voeltzkow, to name a few). Haeckel and von Baer were not the only embryologists in nineteenth-century science, but you wouldn't know that from reading Wells. Worse, Wells speciously extends his critique of Haeckel to the present day. Wells implies that textbooks misrepresent the study of developmental programs as evidence for evolution by accusing them of using Haeckel's inaccurate drawings, in effect accusing textbooks that show any embryos of "mindlessly repeating" Haeckel. The important question is whether textbooks, and more importantly developmental biologists, still rely on Haeckel's work. The answer is no, but that doesn't stop Wells from acting as if they do.

Wells sets up a straw man in his bait-and-switch, starting with Darwin's famous assertion that embryology represented the "single strongest class of facts" in favor of his theory. Here Wells misrepresents both early embryology and Darwin's own words. When quoting both Darwin and other historical figures, he quotes them out of context, leaves out important parts of quotes, and even changes the order of their appearance, all to misrepresent their real meaning and intent. Wells also conflates "recapitulation" -- that is, that embryos go through the adult stages of their ancestors -- with the idea that shared features of embryos give insight into their phylogenetic relationships. Failing to distinguish these allows Wells to avoid dealing with the actual evidence for shared developmental features in various embryos and to dismiss the entire field as based on an outdated and outright refuted claim, one that embryologists know to be false but cling to anyway because of an ideological commitment to evolution. Wells should know better, as the holder of a Ph.D. in cell and developmental biology. 

Rewriting history for the greater glory of the Rev. Moon
In the introduction to Icons, Wells states that he first became aware of the problems in evolutionary theory when he was "finishing his Ph.D. in cell and developmental biology" (Wells 2000:xi). He claims that he knew that the drawings of embryos presented in textbooks were false because he was a developmental biologist. Shortly thereafter, he claims, his observation was confirmed by other scientists. Before that seminal event, he says, "I believed almost everything I read in my textbooks" (Wells 2000:xi). This statement is inconsistent with other claims of Wells's. According to statements made by Wells in a sermon on a Unification Church website, he went to graduate school with the specific intent of attacking evolution: "Father's words, my studies, and my prayers convinced me that I should devote my life to destroying Darwinism…" and he believed that its weakest point was developmental biology. "I was convinced that embryology is the Achilles' heel of Darwinism; one cannot understand how organisms evolve unless one understands how they develop. In 1989, I entered a second Ph.D. program, this time in biology, at the University of California at Berkeley. While there, I studied embryology and evolution." So it was not so much a "revelation" as it was a plan. If Wells is so revisionist about his own history, how can we trust him with the history of science?

Developmental anatomy, Darwin, and evolution
Wells opens the chapter by telling us what Darwin thought about development and evolution. Wells uses about 5 different quotes from the Origin in an attempt to show that Darwin was advocating recapitulation in spite of what the data showed. To do this, he distorts the history. Wells tries to connect Darwin to Haeckel so that he can use that to dismiss Darwin. Wells says that Darwin was not an embyrologist and thus he relied on Haeckel (Wells 2000:81). Anyone familiar with the history of biology knows that this is impossible. Haeckel did not publish his Generelle Morphologie until 1866 (where the much maligned embryo drawings appear; Gould 1977), 7 years after the publication of the Origin. Wells quotes Darwin's praise of Haeckel in his sixth and final edition of the Origin in such a way as to obscure the fact that Darwin lauds Haeckel for his phylogenies, not his embryology. The quote is not even from the embryology section of the book; rather it comes from the classification section, in the final sentence of which Darwin praises Haeckel for using homologous features (including but not limited to developmental ones) to generate classifications for organisms. Darwin is praising the application of his theory by Haeckel. 

Although Darwin did not use Haeckel on embryology, he did use von Baer. Recognizing Darwin's use of von Baer, Wells then accuses Darwin of "misusing" von Baer's work, twisting the data to fit his views. But Darwin does not. Wells claims that von Baer's embryological laws are incompatible with Darwin's conclusions, but they are not. Von Baer may have disagreed with Darwin about his conclusions, but his laws do not prohibit development elucidating common ancestry. Darwin came to a different conclusion from the same body of evidence -- this is not "distorting" the evidence. Darwin was making a general inductive argument and searched for data that could test the general proposition of common descent; he argued that von Baer's data could be reinterpreted in terms of common ancestry. This was no more a "misuse" of von Baer than was Alfred Wegener's reinterpretations of the data of geology in light of mobile continents. New scientific theories always use previous data. Is Wells implying that evolutionary biology cannot cite any research that predates 1859? Is Wells implying that developmental sequences such as those illustrated by von Baer and others are not data?

That Darwin and all modern evolutionists advocate some form of the "Biogenetic Law" is the central falsehood of this chapter; in fact the entire "resurrecting recapitulation" section does nothing but assert this. But Wells fails to explain fully what recapitulation means. There are a number of meanings for "recapitulation" that Wells conflates in order to tar the entire field of embryology with a biogenetic brush. As he says in a footnote, a "plain reading" of Darwin shows that Darwin was advocating recapitulation -- but just what kind? (1) An embryo of an "advanced" form goes through all the adult stages of all its ancestors. This is Haeckelian recapitulation, which is false, and few scientists ever believed it anyway. (2) Evolution proceeds as an "add-on" process so that there is a general progression of embryological stages from "primitive" to "advanced" forms. This more traditional reading of recapitulation is also false and has not been accepted for nearly a century. (3) All closely related organisms go through all the same stages of development and always look similar. This is vague: how closely related is closely related? How are the stages individuated? But however these questions are answered, this reading of recapitulation would generally be agreed to make too sweeping a claim. (3) Some parts of developmental sequences (and some specific characters of them) in closely related animals share more specific similarities (in pattern, sequence, position, etc. of developmental features) with each other than with those of more distantly related animals. That's basically true. All modern biologists recognize that all stages of development are open to modification. This is generally the type of "recapitulation" accepted by the post-Haeckelian embryologists (such as Frank Lillie) cited by Wells, as well as by current embryologists, but Wells treats it derisively as if it were exactly what Haeckel thought. Finally, a "plain reading" of Darwin shows that he was suggesting something between (2) and (3); even though he was not an embryologist, he had a more sophisticated notion of embryology and development than does Wells. 

Wells chides Darwin and nineteenth-century embryologists for saying that the "earliest" stages of development are similar when in fact they are not. However, "earliest" is Wells's word, not Darwin's. It does not appear in any of the quotes that Wells uses. Indeed, in the entire section on embryology in the Origin, the word "earliest" only appears once, in a quotation from von Baer. Does "earliest" reflect Darwin's belief, or is he merely reporting von Baer's? This is important because numerous scholars have made the mistake of confusing Darwin's reporting of what others thought with his expression of his own views (Padian, 1999). So apparently has Wells. But it really does not matter what Darwin thought: just as modern embryology does not rely on Haeckel, neither does modern evolutionary biology slavishly follow Darwin's beliefs.

It is also important to understand what nineteenth-century scientific workers may have meant by the use of "embryo" and "early stage." For many workers in the nineteenth century, developing organisms weren't called embryos until they reached the tailbud (phylotypic) stage. During earlier stages, they were called "developing ovum" or "developing egg" (see Barry 1839 or just about any embryology work from 1820 to 1900). What this means is that Haeckel, von Baer, and others, have a different meaning for "early embryo." Yet Wells interprets them using modern definitions.

Wells also criticizes the field of comparative embryology for the way it chooses its data and for its names for embryonic structures. First, Wells emphasizes the disparity of "earliest" developmental stages, accusing biologists of "choosing" taxa (animals) that look most similar for illustrations in textbooks and elsewhere. He criticizes Haeckel for not using animals such as monotremes in his work. But developmental sequences for monotremes were not available in 1866. Monotreme developmental sequences were not known or described until 1884 (Caldwell 1887; Hughes and Hall 1998), and it was the developmental features monotremes shared with marsupials that led Caldwell to conclude that monotremes were indeed mammals (Caldwell 1887). Was the sample of organisms available to Haeckel biased? Yes, but only in the sense that early embryologists worked with the animals that were available to them. Most specimens of "exotic" animals were shipped to researchers by explorers and received in varying states of decay (Caldwell 1887). Most nineteenth-century embryologists loved to describe the development of any animal they could. Contrary to what Wells implies, there was no attempt to limit the data, and the sample was not "chosen" for any particular reason.

Today, embryologists work mainly with "model organisms," which were largely chosen for practical reasons such as ready availability, small body size, large litter size, rapid sexual maturity, rapid reproduction, ability for development to occur in the laboratory, and ability to live indoors for several generations (Bolker, 1995). They were not chosen to "support evolution" as Wells implies. In fact, the model organism that is the subject of Wells's own dissertation, Xenopus, was not the original "model" amphibian. The discovery that Xenopus does not need a breeding season was a boon to embryologists and led to its serendipitous adoption as a model organism (Gurdon and Hopwood, 2000). How Wells knows that "model organisms" were chosen to mislead is unclear, especially given his own use of model organisms later in his chapter. Wells doesn't show developmental sequences for any of the organisms he complains others don't show. Why not? Because there is no evidence for his insinuation that developmental biologists treat their data selectively in order to hide something. The fact that embryologists tend to present, at least in textbooks, developmental sequences for which there is good data does not refute the idea that closely related taxa, should, and do, have more shared similarities in developmental programs than more distantly related taxa (Figure 8, 9). Wells tries to support his claim by using a quote by Darwin in which he states that embryos of the same "class" are most similar in their earliest stages. Wells then says that the quote is false, and cites how the different "classes" of vertebrates are very different in their "earliest" stages. This is merely a semantic sleight-of-hand, a bait-and-switch. Darwin is not talking about different "classes." Wells leaves out important information, as usual.

In the figures of embryos (Wells 2000:95, especially stage 4, "gastrulation"), Wells's illustrator resorts to a number of graphic tricks in order to make the embryos appear more different than they are. First, the embryos are not shown from the same rotational angles. The chicken is shown in a different position than the other "Haeckel's first stage" embryos. Second, they are not all scaled the same. In the figure showing the neural crest infolding, the turtle and chicken are shown at a large scale, neglecting the large yolk they sit on, while the human is shown as part of the whole developing ovum, so that the germinal disc and primitive streak formation are shown differently, even though it is shared by all amniotes (Schaunislaund 1903; Nelson 1953; Cruz 1997; Schoenwolf 1997; Figure 9). Also pictured is a frog embryo, despite its indirect development, which is very different from that of the other vertebrates pictured. Many of the general "differences" in early embryo development that Wells mentions are a result of organization due to the yolk size rather than being specific differences in the basic body-plan of the embryo (Arendt and Nübler-Jung, 1999).

Embryos do reveal phylogenetic information in terms of specific shared features, shared early developmental features such as the formation of a germinal disc and primitive streak in all amniotes or the neural crest cells of all vertebrates. The presence, and sequence of development, of eyes, ears, somites, limbs, guts, nerve cords, tails, organs, etc. are individual features that no one would deny are present in vertebrates and not present in the same way in other animals. These are individual characters whose developmental features are treated as shared features in reconstructing vertebrate evolution (these features do not always have to be in agreement, and some animals can show unusual derived features early in development, such as the snake's tail (Figure 8). 

Wells's treatment of comparative embryology is remarkably limited; for example, he never discusses invertebrate development. Yet there are plenty of shared developmental patterns there as well. Despite the very different appearance of echinoderm, hemichordate, and chordate embryos, they all share the deuterostome condition, in which the first cell opening becomes the anus, before they diverge to their adult body plans. Or what about the trochophore larvae of most protostomes and spiral cleavage shared by annelids, arthropods, mollusks (Nielsen 1995; Fell 1997)? The nauplius larvae of crustaceans (Gilbert 1997) or the verliger larvae and development of gastropods, which go through flexure, torsion, and degeneration of muscles on one side of the body, suggestive of their evolutionary history (Nielsen 1995; Collier 1997)? These are just a few of the specific similarities of the kind that Wells implies do not exist. Similarities in embryonic sequences are data -- characters by which we can discover shared similarities among organisms that can be used to reconstruct their relationships. Using such data in phylogeny is not the same as using those characters in any "recapitulationist" way. 

Finally, Wells concludes by attacking prominent biologists such as Gould and Futuyma for supposedly not knowing the truth about Haeckel, saying that this is "a confession of ignorance not likely to inspire confidence in the quality of our biology textbooks" (Wells 2000:107). Wells's own misrepresentations of the letter and spirit of the concepts and authors he presents do little to inspire confidence in what he says about Haeckel or embryology in general. Even if Wells were right about Haeckel's work and Darwin's use of it, what Haeckel and Darwin thought doesn't matter; embryology has moved beyond them. Wells needs to show a lack of specific similarities to support his case. Is Wells actually claiming that there are no shared features in development at all? That a chicken gets a planula while the duck gets a naupius? If so, he needs to show it, but Wells never gets to specifics -- apparently because the specifics aren't there. Innuendo and accusations of fraud do not cut it in science.

What textbooks say
For any textbook to show Haeckel's drawings themselves as unqualified statements of developmental anatomy or to advocate "recapitulation" in a Haeckelian sense would be inexcusable, but none of the textbooks reviewed by Wells appear to do so. Wells gleefully excoriates Futuyma for using Haeckel's drawings, but apparently in his fit of righteous indignation, he forgot to read the text, in which the drawings are discussed in a historical context -- stating why Haeckel is wrong -- and Futuyma has an entire chapter devoted to development and evolution. Guttman uses them in an explicitly historical context as well. Wells states that books use "Haeckel's drawings, or redrawn versions of them" (Wells 2000:255), but this is not true. Figure 10 shows Haeckel's drawings compared to the drawings in the textbooks reviewed by Wells. It can be clearly seen that a majority of the drawings are not "redrawn." Some textbooks show more accurate drawings; some use photos; only Starr and Taggart (and Raven and Johnson in their development chapter along with accurate drawings and photos) use what could be considered embryos "redrawn" from Haeckel. No textbook discusses embryology in any way that could be considered strongly "recapitulationist." In most textbooks, embryology is presented in just one or two paragraphs, making it hard to discuss all the complexities of development. At a high school level, the aim of the book is to convey some basic concepts of biology, not to confuse students with the complexity of a subject.

Wells's "well-developed" grading scheme
The grading scheme employed by Wells is designed for failure. This is because Wells assumes all drawings to be "redrawn" from Haeckel and gives any book with a drawing an F (Figure 11). Wells does not explain how one would determine whether they are simply redrawn from Haeckel; in any case none of the books appear to contain redrawn figures (Figure 10). Using more accurate pictures only earns a book a D. In order to earn a C or higher, a book must not use "misleading drawings or photos." This amounts to complaining that textbooks shouldn't allow students to be misled by reality! Wells does not specify what kind of drawings or photos would not be misleading. Thus Wells apparently thinks that all visual presentations of embryos are misleading, whether they are accurate or not. Wasn't Wells the one complaining about selective use of data? He actually attacks Mader and Campbell, Reese, and Mitchell, for using "misleading photos" because they show embryos of a chick and a human, which he says "just happen" to have a stronger resemblance than would embryos from any other "classes" of vertebrate. Wells is wrong: a chick embryo at that stage looks much more like an alligator embryo than a mammal embryo (comparisons made from Nelson 1953, Schaunisland 1903, and Reese, 1915). This is in accordance with the predictions of evolutionary theory, because an alligator and a chicken share a more recent ancestor with each other than they do with a mammal, and thus should have more similar a developmental program. Wells also chides Mader for saying that embryos "have many features in common" (Wells 2000:103-104). Does Wells assert that they have no features in common? If so, he should document it. Having failed to do this, Wells merely labels anything he does not like "misleading." Wells also takes exception to the colloquial term "gill slits," which is a commonly used non-technical term for pharyngeal pouches. Wells implies that by using this term, biologists and textbooks are saying that all animals' embryos have gills. This is patently false. No textbook reviewed even implies the presence of gills in embryos. The question is what these structures are and what they become, not what they are called. Using the terms "gill slits" automatically results in a C even if the textbook contains no images, and regardless of its content. Campbell, Reese, and Mitchell, and Guttman both contain entire chapters devoted to developmental biology in which they do discuss some of the "early stage differences" that Wells suggests they do not. They receive no credit for these extensive treatments (Figure 11). 

Why we should still teach comparative embryology
Despite changes in how we view the role of developmental programs as reflections of evolutionary history, we can still see how the same embryonic structures develop into different adult structures. We observe the unity of developmental plan in all vertebrates. This is what we see, and no amount of wishful thinking on the part of evolution detractors can change that. There is no reason to let their baseless complaints and character assassination dissuade biology teachers from presenting the evidence to students. 

How textbooks could improve their presentations of comparative embryology
Textbooks could largely improve the presentations of embryology by lengthening their discussions of it, and by using photos rather than cartoonish drawings. They could also be more explicit about how embryonic precursors develop into different adult structures. Finally, adding discussions of Hox gene complexes (master developmental control genes) and evolutionary developmental biology would help bring the books up-to-date in their treatment of developmental biology. We are learning more about the evolutionary history and underpinnings of developmental programs every day. We are learning how developmental programs are the source of much of the evolutionary novelty that natural selection shaped. Wells ignores all this. To follow Wells's advice would arrest the development of students' knowledge. 

ARCHAEOPTERYX
Archaeopteryx: The fossil
Contrary to Wells's subtitle, Archaeopteryx is not a "missing link." The term "missing link" is an outdated term that does not accurately reflect the way biologists and paleontologists think about fossils. We prefer not to talk about "missing links" or "intermediate forms," but rather intermediate features. Archaeopteryx has features intermediate between those of living birds and ancient reptiles; along with many other fossils, it preserves ancestral features while it shows descendant novelties. Archaeopteryx retains the ancestral "reptilian" features of a long bony tail, clawed hands, teeth, and many others. It also has the derived "avian" features of feathers and powered flight. Archaeopteryx, along with other dinosaur fossils, shows the evolution of avian features and flight. These fossils show that many features thought of as unique to a certain group of animals were also shared by some of their ancestors; this helps paleontologists to reconstruct the evolutionary history of living animals. When many fossils are looked at in their genealogical context, they blur the lines between the normally recognized taxonomic groups (most of which were based originally only on living forms). Archaeopteryx is frequently used for pedagogical purposes because it is easy to recognize its mixture of "bird" and "reptile" features and because it played an historical role in helping to cement Darwin's theory (it was discovered 2 years after publication of the Origin). Textbook authors like Archaeopteryx for these reasons and often illustrate their discussions with pictures of the Berlin specimen, one of the most beautiful fossils ever discovered, and remarkably complete. Textbooks also use Archaeopteryx as an example of how fossils are important for showing transitional features of evolution, and how the fossil record is good evidence that evolution has occurred.

Wells misses more than the links
Wells objects to textbook treatments of Archaeopteryx as a transitional form or as an "ancestor" of birds. Wells wants textbooks to say that Archaeopteryx was not an "ancestor" because modern birds are not descended from it and that its transitional status is "controversial." Wells claims that Archaeopteryx has been "quietly shelved" by paleontologists and that the search for a "missing link" between dinosaurs and birds goes hopelessly on "as though Archaeopteryx had never been found" (Wells 2000:138). Paleontologists would find this surprising. By making such claims, Wells exposes the depths of his ignorance of phylogenetic methodology, paleontology, and avian evolution.

Wells is clearly confused by Archaeopteryx, "transitional forms," and ancestors. First of all, Wells asserts that Archaeopteryx is no longer considered a transitional form or an "ancestor." Wells is correct, but only in a specialized sense, not appropriate in the context of his generalized discussion. We cannot -- and do not -- say for certain that the animal that we call Archaeopteryx was actually genetically transitional to living birds, or that it was a direct genetic ancestor of living birds. However, in a less strict sense (that appropriate to Wells's discussion), Archaeopteryx has a great many transitional features between living birds and Mesozoic dinosaurs: if it was not a direct ancestor, it was surely a close collateral ancestor (see below). 

Second, there is no such thing as a "missing link," and paleontologists are not looking for them. Paleontologists collect, survey, and reconstruct past forms of life. Some of these fossil organisms have features that illustrate the path evolution took to reach the forms we see today. We can think of these organisms as showing transitional or ancestral features. Paleontologists are also not looking for ancestors, but rather features of ancestors. Paleontologists distinguish between lineal and collateral ancestors. Lineal ancestors are those that are directly ancestral to living organisms: your lineal ancestors are your father and mother, grandfathers and grandmothers, and so on. Collateral ancestors are those organisms that share an ancestor with living organisms: your collateral ancestors are your uncles, great-uncles, cousins, second cousins, and so on. Paleontologists do not claim to be able to identify lineal ancestors. Without observational or genetic evidence, how could you ever know that a fossil organism left any offspring? It is not the ancestry that is important to paleontologists, but rather the ability to reconstruct the features of those ancestors. This is a powerful and important concept, one completely lost on Wells.

To illustrate this powerful approach, let's say you wanted to know something about your own ancestors. If you knew your ancestors came from a certain small village in France in the 1600s, you could return to that village and, even if you can't locate their graves, you might find those of many of their contemporaries in the churchyard. A collection of artifacts from any of those people would give you a perfectly adequate idea of the characteristics, culture, possessions, and daily life of your direct ancestors (Padian and Angielczyk 1999). Using similar methods for similar reasons, paleontologists try to uncover features of ancestors, not the ancestors themselves.

Even Wells's claim that paleontologists do not think Archaeopteryx is "ancestral" is incorrect. Archaeopteryx has no features that would actually disbar it from being a direct ancestor of living birds. Whether it was a direct ancestor of today's birds or not is irrelevant: Archaeopteryx exhibits unique features of the last ancestor it shared with birds, so, regardless whether it is a lineal ancestor, it still preserves features that indicate what the last ancestor of Archaeopteryx and birds may have been like. In other words, Archaeopteryx has many features intermediate between those of its dinosaurian ancestors and its avian descendants, which is exactly what would be predicted by evolution. No amount of stridency on Wells's part can change that.

When paleontologists reconstruct relationships of living and fossil organisms, they use the features of both living and fossil organisms. This allows them to reconstruct the features of the ancestors and get a pretty good picture of what the ancestors were like. Phylogenetic systematics, commonly called "cladistics," is the method that nearly all biologists use to determine relationships, whether they work on dinosaurs or dinoflagellates, and whether they use molecules or morphology. Its simplicity, objectivity, testability, repeatability, utility, and firm rooting in the principle of descent has led to its near-universal application. Contrary to Wells's characterization, cladistics is not a search for "missing links" or direct ancestors, but for shared evolutionary features. The basic idea behind cladistics is that when novel features arise, they are passed on to descendents. Therefore, these "derived features" should be more informative in reconstructing relationships than those that are present across a larger group. For example, if a population of animals evolve stripes on their backs and all their descendants continue to sport stripes, then all the members of that species that have stripes are probably more closely related to each other than they are to those without stripes. It is that simple, yet Wells's discussion of cladistics reveals that he either does not grasp the method or has no interest in explaining it properly. 

In the nearly two pages devoted by Wells to a discussion of cladistics (Wells 2000:118-119), he states that cladistics is based on overall similarity. Yet as stated above, cladistics is not based on mere similarity, but instead focuses on a special kind of similarity -- features that are derived, or evolutionary novelties. Evolutionary novelties help to show relationships and thus are "phylogenetically informative." In contrast, similarities that are not evolutionary novelties are "ancestral" features and are not phylogenetically informative. For example, a derived feature of primates is an opposable thumb; this feature is phylogenetically informative because it allows us to group all primates together to the exclusion of other mammals. On the other hand, a five-fingered hand is an ancestral feature and not phylogenetically informative because we would not group all animals possessing a five-fingered hand together to the exclusion of those that do not. For example, we do not propose that all five-fingered mammals are more closely related to each other than they are to three-fingered, two-fingered, or one-fingered mammals. So cladistics is not based on mere similarity. Further, paleontologists who apply cladistic methods to the problem of avian evolution do not think that how flight evolved is "irrelevant"; in fact we specifically use cladograms to inform our models of how flight (and other things) evolved. By rooting our explanations in phylogenies, we can move beyond subjective models, and constrain our hypotheses (e.g. Witmer 1995; Padian 1995b). These explanations can also serve as yet another independent test of our phylogenies (Padian 2001a, 2001b).

Wells then accuses cladistics of "rearranging" the evidence, stating that the supposed "ancestors" of Archaeopteryx are millions of years younger. First of all, none of these more "recent" avian-like dinosaurs thought to be closely related to Archaeopteryx (e.g., troodontids and dromaeosaurs) are considered "ancestors"; rather, they retain ancestral features that show us what the ancestors of Archaeopteryx were like. Here again Wells mistakes lineal for collateral ancestry. Second, the statement that there are no fossils of these close cousins of Archaeopteryx until "millions of years" later is false. Fossils of non-avian maniraptor dinosaurs, which are closely related to the ancestors of Archaeopteryx, have been found in rocks dating to the same age as those in which Archaeopteryx has been found (Jensen and Padian, 1989); this discovery was reported over 10 years ago. Wells apparently has not done his homework very well.

Despite Wells's claims to the contrary, Archaeopteryx is still an important contributor to our knowledge of transitional features, and it clearly shows the dinosaurian ancestry of birds (Figure 12). To confirm this, all one has to do is peruse any piece of literature on the origin of birds. Papers on Archaeopteryx and bird evolution appear in many journals each year, and there is even an entire journal (called Archaeopteryx) devoted to the study of Archaeopteryx and its environment. Rather than consult the vast body of literature on the origin of birds, Wells appears to base much of his discussion on two popular works, one technical -- The Mistaken Extinction by Lowell Dingus and Tim Rowe (1998) -- and the second non-technical -- Taking Wing, by Pat Shipman (1998). Both are excellent books. However, during the same period when Wells apparently wrote Icons (1998-1999), well over 50 papers were published that in some way dealt with Archaeopteryx and the dinosaurian origin of birds. A number of these were very important (e.g. Britt, et al. 1998; Padian and Chiappe 1998; Forster, et al. 1998; Ji et al. 1998; Burgers and Chiappe 1999; Chiappe et al. 1999; Clark et al. 1999; Garner et al. 1999; Norell and Makovicky 1999; Ostrom et al. 1999; Wagner and Gauthier 1999; Xu et al. 1999), yet Wells cites none of them.

Wells also ignores the many fossil discoveries of feathered non-avian dinosaurs from Liaoning, China (see Figure 13), which should play an important role in any discussion of avian origins, save for one notable exception. In an attempt to discredit the entire field, Wells brings up "Archaeoraptor," which he regards as a "hoax" and indicative of the sloppy science that paleontologists do. In fact Wells spends the remaining third of the chapter trying to use "Archaeoraptor" in an attempt to slander the field of paleontology. Here too, he gets most of the facts wrong.

"Archaeoraptor" was a fossil bought at the Tucson Gem and Mineral Show for Steve Czerkas, a knowledgeable dinosaur enthusiast and skilled sculptor and artist. Its remains came from the Liaoning area of China, which has produced numerous beautifully preserved fossils of fish, mammals, lizards, and both avian and non-avian dinosaurs. Many of these were preserved with their body coverings, such as fur or feathers, intact. So it was not unexpected to see an allegedly new find from there that combined features of fossil birds and closely related dromaeosaurid dinosaurs, especially given the large body of evidence suggesting that birds evolved from these dinosaurs. The fossils of Liaoning are collected by local villagers and farmers who know that "complete" specimens, particularly those with feathers, are preferred by scientists and collectors. Therefore, a cottage industry has sprung up around using parts to enhance or make "whole" specimens (Chiappe et al. 1999). These constructed specimens are very well done and can fool an untrained eye, which is more or less what happened with "Archaeoraptor." The first paleontologists to see the specimen were immediately suspicious because the prevalence of composite specimens was already known, and its distribution of features were not what would be expected in an avian-like dinosaur. We would not expect it to have the arms of a primitive bird and the legs of a non-avian theropod. Even though a number of paleontologists were skeptical, National Geographic went ahead with an article that featured this specimen along with two others. This became an embarrassment for National Geographic when, at nearly the same time it ran its article, computerized axial tomography (CAT) scanning of the specimen showed it to be a composite. As it turns out, the legs of the specimen belong to the counterslab of a tiny non-avian theropod called Microraptor (Xu et al, 2001); a full description of the composite was published by Rowe et al. (2001). To view the scans of the composite, visit the UT Austin CT lab website.

Wells concludes that this sorry episode occurred because of "the cladists' desire to prove their theory. Just as the need for a missing link between apes and humans led to Piltdown man, so the need for a missing link between dinosaurs and birds paved the way for the 'Piltdown bird.'" (Wells 2000:125). Not so. The people who bought and promoted the specimen weren't cladists, and they never performed a cladistic analysis or attempted to place the specimen in a phylogeny. Piltdown man was an intentional hoax played on scientists, and the hoax was revealed by scientists when the specimen was studied. The forgery of "Archaeoraptor" was discovered by scientific investigation as well, and it was cladists Tim Rowe, Xu Xing, and Phil Currie who uncovered it. The name "Archaeoraptor" was never formally published as a scientific name, and has no scientific standing -- the animal never existed. This doesn't prevent Wells from italicizing the name as if it were a real species. Further, the specimen was never considered important to our understanding of avian evolution. This doesn't stop Wells from pretending otherwise, as if it were somehow important, even crucial, to the idea that birds are descended from dinosaurs.

Returning to Archaeopteryx, Wells then resorts to a classic creationist taxonomy game. In this game, the creationist says that scientists have to choose whether a fossil belongs to one taxonomic group or another. So, in the case of Archaeopteryx, it has to be a bird or a reptile. Then the creationist says that because it has feathers it is a bird, and therefore because it is a "bird" it cannot be a transitional form. In effect the transitional features of the fossil are defined out of existence. This is a classic creationist ploy, and nothing new; it is what we have seen for decades from Duane Gish and Henry Morris. Wells uses a slightly different approach, claiming that if Archaeopteryx and birds are just dinosaurs, then humans are just fish, which -- he implies -- is absurd. But this is another case of Wells trying to use semantics to negate the evidence of evolution, just as he did with the Cambrian Explosion. 

Here Wells exploits the systematic practice by which all groups of organisms must be "monophyletic," that is, consist of an ancestor and all of its descendants. In Wells's rather naïve example, "fish" must be taken to include hagfishes, lampreys, sharks, goldfish and other rayfins, coelocanths, and lungfishes. If "fish" were defined that way, then tetrapods (all animals that have four limbs) would indeed be "fish" and "fish" would become another name for "vertebrate." But "fish" is not a taxonomic name; it is a colloquial term, and as a Ph.D. biologist, Wells should know that. Real systematists don't use the term "fish" except in a restricted sense referring either to a subgroup that is monophyletic such as Actinopterygia or to "rayfins" (things like goldfish, trout, swordfish, etc.) -- the vast majority of living "fishes." Humans are vertebrates; so are fishes. Birds, by phylogenetic relationship, are dinosaurs. Just as dogs are canids, and also mammals, and also tetrapods and vertebrates. Consider a mailing address: just because you live on 1010 Main Street does not mean that you don't live in Peoria or in Illinois, or that someone living on 411 South Street doesn't live in the same town or state. 

Wells's most ridiculous treatment of "science" in this chapter is when he takes childish shots at paleontologists. This is another popular creationist tactic: attacking the character of a prominent scientist or scientific field. In fact, he devotes six pages to making fun of paleontologists at a Florida symposium without appearing to understand what they were saying. Worse yet, Wells completely misrepresents the proceedings. For example, he claims that a "cladistic analysis" showed a specimen presented there, called "Bambiraptor," to be an ancestor of Archaeopteryx, yet no "cladistic analysis" was mentioned in either the description (Burnham et al., 2000) or the conference proceedings. To my knowledge, no cladistic analysis has ever been performed on that specimen. Wells then claims to be appalled that in the reconstruction, "Bambiraptor" was shown covered in feathers even though none were found fossilized with it. But other fossilized dromaeosaurid dinosaurs are found covered in feathers (e.g. Xu et al. 1999; Ji et al. 2001; Norell et al. 2002) and so are the more basal Oviraptorids (Ji et al. 1998). The even more basal Compsognathids are found with downlike feathers as well (Chen et al. 1998; see Figures 12, and 13). So it is conservative to reconstruct "Bambiraptor" with a covering of feathers. Besides, the reconstruction is a picture, not scientific evidence -- a confusion of Wells's revealed further in the peppered moths chapter. By Wells's logic, we shouldn't accept the likelihood of fur on a fossil sabertooth cat. Is this the kind of "critical thinking" Wells wants us to teach our students?

Finally, Wells charicatures the conference presentation of Kevin Padian, who not only is a respected paleontologist but also happens to be the president of NCSE. Padian's talk was a critique of the hypothesis that birds evolved from something other than dinosaurs. Wells likens Padian's talk to an "old lawyers' joke" about a "cracked kettle." Wells even says that Padian was not trying to be funny, and that it would be unkind to compare his talk to the joke, yet he continues the ad hominem attack summarizing Padian's talk as a joke. Wells's summary, however, looks nothing like either the abstract that Padian submitted, which Wells (as a conference attendee) received, or the text of the talk he gave. In particular, Padian never called the critics of the dinosaurian origin of birds "unscientific," just their criticisms. He never accused them of "selective interpretation" of the evidence; he just said that they did not use accepted methodologies to evaluate the evidence. He never said that scientists reject their methodology regardless of the evidence; he said that we cannot evaluate their methodology because they do not provide one. Finally, Padian's conclusion was not that there was no controversy, but that the controversy over bird origins was journalistic, not scientific (Padian, pers. comm.). If Wells was taking notes at the conference, he didn't do a very good job.

Although Wells smugly chides paleontologists for their supposed views about bird evolution, he has not attended any meetings of the Society of Vertebrate Paleontology or the Ostrom Symposium on the origin of birds. He has no training or expertise in the field. Instead, he relies on caricatures of paleontology and paleontologists, and lampoons the entire field, treating scientists as if they were a bunch of dinosaur-loving buffoons who are easily fooled and misled. This is not science or scholarship; this is tabloid journalism.

What the textbooks say
Textbooks cover Archaeopteryx with varying degrees of brevity, frequently giving only a paragraph to Archaeopteryx, usually in the section on reptiles or birds or in the history of life section. The lengths of the paragraphs vary from 54 words to well over 500 (Figure 14), and the average length falls around 200 words. Archaeopteryx is frequently used as an example of a transitional form between reptiles (dinosaurs) and birds. Eight of the books treat it as showing a dinosaurian ancestry for birds, while two state that the ancestry is simply reptilian (Figure 14). Few of these books treat Archaeopteryx well and most of these discussions are garbled and contain factual errors about Archaeopteryx. For example, Guttman contains numerous errors, even suggesting that it could not fly. Wells apparently does not even know enough about the topic to point this out. Wells only singles out the two books that use the word "link" in their descriptions, Mader and Schraer and Stolze. The most accurate discussions can be found in Raven and Johnson, Campbell et al., and Johnson. Archaeopteryx is sometimes used as an example of how fossils can elucidate evolutionary relationships. Few books use Archaeopteryx as direct evidence for evolution; some books (e.g., Johnson) instead use the origin of whales as the principal example of a transitional sequence.

Wells's evaluation
In grading textbooks on Archaeopteryx, the grading scheme, as usual, seems skewed to fail the books. Any book that does not describe the transitional status of Archaeopteryx between >reptiles and birds as "controversial" gets a D. As mentioned above, there is no controversy about whether it is transitional, i.e, possesses structural features both of its reptilian ancestors and of birds. To get better than a D, a book would have to present scientifically incorrect data. What is most puzzling is that some books are given rather high grades compared to those given for other "icons." Close examination of these books suggests that Wells misgraded them(Figure 14). For example, Wells gives Campbell, Reese, and Mitchell a B, yet they clearly state that Archaeopteryx is a transitional form between dinosaurs and birds, for which a C or D would have been a more accurate grade given Wells's criteria. This negligent application of his own criteria calls into question the rigor of Wells's evaluation and the value of his grades whether or not one accepts his idiosyncratic criteria.

Why Archaeopteryx still flies in textbooks
If anything, the value of Archaeopteryx as a pedagogical tool is increasing with all the new discoveries of feathered dinosaurs from China. Literally every new fossil discovery has added to the utility of Archaeopteryx. Archaeopteryx is still one of our best examples of a fossil that preserves ancestral features while showing descendant novelties. Archaeopteryx is but one of many fossils showing a clear genealogical connection between dinosaurs and birds (Figure 12). Much like Mark Twain, the reports of its death are greatly exaggerated.

How textbooks could improve the use of Archaeopteryx and transitional forms
Textbooks could improve their explanations of transitions in evolution by focusing on transitional features (not forms or individual animals) that are borne by a series of closely related organisms. Further, textbooks should be clear in presenting the idea that in general fossils are not considered to be direct ancestors, but as records of ancestral features. Finally, in discussions of Archaeopteryx, textbooks need to tighten up their descriptions and check their facts about the history of both Archaeopteryx and the dinosaur-bird relationship. Textbooks should be clear that birds are descendants of dinosaurs and that there are no other credible potential ancestral groups; they should also augment their rather short discussions of avian evolution with some of the new fossil evidence from China where non-avian dinosaurs have been found with feathers (Figure 13). Wells's claims about Archaeopteryx are simply inaccurate. To follow his lead would mislead students into thinking that fossils tell us nothing about evolutionary relationships. Considering the fact that Wells doesn't understand ancestry or phylogenetic reconstruction, and he isn't even aware of Archaeopteryx's status in paleontology, should we really be inclined to trust anything he says on these topics?

PEPPERED MOTHS
The story of the peppered moth
Industrial melanism in peppered moths is one of the most frequently used examples of natural selection in action. This is largely because of its pedagogical simplicity -- it is a straightforward example that is visual and dynamic -- and its copious documentation. Industrial melanism refers to the darkening of color that occurred in a number of species of insects following the Industrial Revolution. This change appears to be related to the increase in pollutants in the environment. Before the Industrial Revolution, individuals of the moth species Biston betularia (commonly called the "peppered moth") were predominantly white with black speckles. By the end of the 1800s, they were predominantly charcoal grey. This change was well documented and led Tutt (1896) to hypothesize that this change was a result of pollution- stained trees' affecting the camouflage potential of the moths. This change was termed "industrial melanism." In the 1950s, Bernard Kettlewell decided to test the hypothesis that natural selection was working on the differential camouflage of the moths. In order to do this, he released marked light and dark moths into polluted and non-polluted forests. He found that birds appear to prey selectively on light moths in polluted forests and on dark moths in non-polluted forests and so documented the idea of natural selection of these color patterns in moths by birds. After anti-pollution laws took effect and the bark lightened, the moth populations in formerly polluted areas returned to previous color distributions.

How many moths can dance on the trunk of a tree? Distraction by irrelevant data
Wells disagrees with the results of the research on industrial melanism in the peppered moth, and manipulates the literature and the data to fit his views. He points out that the "problem" of the peppered moths is far from simple. His discussion centers on three points where he believes textbooks are in error, alleging that (1) the daytime resting places of peppered moths invalidates Kettlewell's experimental results; (2) the photos of the moths are "staged"; and (3) the recovery patterns of populations dominated by light moths after the levels of pollution were reduced do not fit the "model," although he is unclear as to what the "model" is. All three of these objections are spurious. They are distractions from the general accuracy of the story and its value in showing the effects of natural selection on genetic variability in natural populations.

First, Wells argues that the story is seriously flawed because "peppered moths in the wild don't even rest on tree trunks" (Wells, 2000:138). He repeats this point throughout the chapter. However, it is both false and irrelevant, and only serves as a distraction to lead the reader away from the actual story of the moths. Contrary to Wells's assertions, data given by Majerus (1998:123) indicate that the moths do indeed rest on the trunks of trees 25% of the time. The rest of the time moths rest in branches (25%) or at branch-trunk junctions (50%). The facts have been pointed out repeatedly to Wells; his response has been mostly to claim that moths don't rest on "exposed" tree trunks (Wells, 2002 web posting). But this is not what he said in the text of Icons, which remains flatly wrong. Moths are found all over trees, which is not a surprise (Clarke et al., 1994) and it is mentioned in the references that Wells cites.

To clear up any confusion, no researcher doubts that the peppered moth rests in trees (Clarke et al. 1994; Majerus 1998), which means that the resting substrate is bark. Entire trees are stained by pollution -- the leaves, twigs, branches, trunks, and the surrounding ground (Kettlewell, 1973) -- and so the colors of the moths are relevant no matter where on the tree they rest -- trunks, trunk-branch junctions, branches, twigs, and even the leaves. Wells's argument implies that predatory birds can only see moths that are on exposed trunks. By making this argument, however, Wells shows an apparent ignorance of the ecology of birds and woodland ecosystems. If you walk into any forest, you can see that the birds fly from tree to tree, branch to branch, and hunt at all levels of the forest. Woodland species of birds that prey on moths and other insects live and hunt in the canopy (the leafy part of the trees). These birds are not hunting from outside, soaring above the trees like hawks, as Wells's argument would require. 

In the scientific literature, there is extensive discussion of the hunting behavior of birds, including those that hunt peppered moths. Ornithologists have shown the woodland ecosystem to be vertically stratified by competition between different bird species. This zonation means that there are skilled predators patrolling all levels of the forest: the trunks, trunk-branch joints, branches, and higher canopy (Colquhoun and Morley 1943; Hartley 1953). Further, birds learn to distinguish their prey against various backgrounds and preferentially hunt prey in locations where they have found it in the past and that birds selectively prey on the more visible moths (Pietrewitz and Kamil 1977, 1981). In other words, birds hunt the prey they can see and hunt it where it is, not where it isn't. Therefore, no matter where the moth rests in the tree, it is visible to predatory birds, and thus its differential camouflage is important. 

The purpose of Wells's distraction is to put the actual experiments into question and make it sound as if the textbook authors are either mistaken, or intentionally trying to fool students. The insinuation is that because Kettlewell released the moths during the day, they did not find "normal" resting places. Whether or not this is so, the release and capture experiments took place over a number of days, so the moths were able to take up positions of their choosing, even if the first day was not perfectly "natural" (Kettlewell, 1955, 1956, 1973). Kettlewell's experiments were not perfect -- few field experiments are -- and they may have magnified the degree of selection, but all serious researchers in the field agree that they were certainly not so flawed as to invalidate his conclusion. 

In his second objection, Wells ties the Kettlewell experiments to textbooks by constantly repeating the statement that the illustrative photos were "staged" (Wells, 2000:150); the important issue here is not how the photos were made, but rather their intent. Wells implies that the photos purport to show a "lifelike" condition to prove that moths rest on trunks. This is not the case. The photos are meant to demonstrate the visibility of the different forms of the moth on polluted and unpolluted trees. It is absurd to expect a photographer to just sit around and wait until two differently colored moths happen to alight side by side. Further, how the photos were produced does not change the actual data. Birds eat moths and they eat the ones that they see more easily first. The textbook photos never claim to depict a real-life situation, and it is improper to imply otherwise.

The third criticism, and the only scientific one that Wells levels, deals with the recovery of the light form of the moth following the institution of pollution control laws. The main thrust of his argument is that because the recovery of light-colored lichens does not correlate with the recovery of the light form of the moths, the entire story is incorrect. Wells exploits the fact that the original researchers thought that the camouflage of the light moths depended on the presence of lichen. However, the light forms recovered before the lichens did; therefore, Wells concludes, natural selection has nothing to do with the story. Although it is true that the moths are well-camouflaged against lichens, and lichens are destroyed by pollution, nevertheless the camouflage of the moths ultimately depends upon the color of the trees, which reflect the amount of soot staining the trees. Although lichens play a role in camouflage, they are not necessary. This is what happened: pollution was reduced, the trees got lighter, then the moths got lighter. Further, in all areas, the light moths have recovered, as predicted by the hypothesis. This is clearly stated in the literature (e.g. Grant et al., 1998), but it does not fit Wells's story, and he just ignores it.

Textbook treatment of the peppered moths
All but one of the textbooks (Campbell, Reese, and Mitchell) reviewed in Icons cover the peppered moths and present the basic story correctly. Again, however, the coverage is limited to only a couple of paragraphs (Figure 15), varying from 117 to over 500 words. Miller and Levine devote more than a page to the story, and even discuss some of its complexity, suggesting that the story is not as simple as it seems. 

Grey area grades
Like the grading schemes for the other "icons," this one is stacked against the textbooks as well. Even books that have more extensive discussions of the problems and details (such as Miller and Levine) can at best earn a D. Like the grading schemes for Miller-Urey and Haeckel's embryos, it is based largely on the presence or absence of pictures (Figure 15). Explaining the peppered moth story without photos (as in Biggs et al.), garners a peculiar X grade. In order to get an A or B, a book must contain pictures of moths in "natural" resting places. Given Wells's explanation that these are unknown, presenting those would be impossible. How can textbooks be expected to do that? A C would be awarded to a textbook that (1) used "misleading" pictures, but (2) referred to them as "staged" and (3) stated that the results of the experiment are in doubt. Any standard textbook discussion of the issue, even if it mentions that the story is more complicated, is given a D. So as usual, this is a "no win" situation. This falls into Wells's pattern of requiring the books to "criticize" their examples, although the criticisms he insists on are largely fallacious.

Why we can still teach peppered moths as an example of natural selection
Although there will always be details of the peppered moth story that we do not fully understand, its status as an example of natural selection is not even remotely in doubt. There is a clear correlation between pollution levels and moth color. Even if bird predation may not be the only factor involved in the selection of one color over another, observations show that bird predation and substrate color play the major roles in natural selection of the color of peppered moths. There are many areas in science where our knowledge is incomplete, but that does not mean we should not teach about them. There are things we still do not know about gravity, but no one is demanding that examples of gravity in action be removed from textbooks.

How textbooks could improve their presentations of peppered moths
For the most part, textbook coverage of the peppered moth story is adequate. As always, expanding the discussion would improve the coverage in the textbooks that cover it briefly. Textbooks could qualify the captions with a statement that the pictures illustrate differential camouflage in order to clear up any misunderstanding (however unlikely) as to the meaning of the photos. A better way for books to improve the topic is by adding other examples of natural selection acting on genetic variation. Some books already cover sickle-cell anemia in humans (Figure 15). Other possible examples include antibiotic resistance in bacteria and myxomatosis virus in rabbits in Australia. The key here is to expand the exposure of students to the many examples of natural selection-driven evolutionary change (e.g., Endler, 1986). What is curious about Wells's criticism of the peppered moth is that he says in Icons that he accepts "microevolution." The peppered moths are an example of "microevolution," so why does he have a problem with teaching it?

DARWIN'S FINCHES
The story of "Darwin's" finches
"Darwin's finches," along with Hawaiian honeycreepers and African cichlids, are frequently used as examples of adaptive radiation. In an adaptive radiation, a "founder" species enters a new environment with many unoccupied niches. This species expands (radiates) and evolves adaptations to fit these niches better. The process of becoming adapted to these different niches may lead to, and in these cases has led to, the formation of new species. All the species of finches on the Galápagos Islands appear morphologically very similar, varying mostly in terms of beak size and behavior; they all look very much like a species of finch from the mainland of South America. This suggests that all the finches on the Galápagos are descended from one original colonist species that went through an adaptive radiation. Because of the small, isolated environment of the Galápagos, the finches have become the topic of extensive study into natural selection. The studies that have been conducted on the finches show strong selection for larger beaks during droughts. These data show that climatic changes can have profound effects on the morphology of a species and potentially lead to the formation of new species. When Darwin visited the Galápagos, he observed and collected some of the finch species, believing that they represented a very diverse set of birds that were not closely related. Their significance was not recognized until later, when ornithologist John Gould pointed out that the birds were all closely related finches (Desmond and Moore 1991). But because Darwin originally collected some of the specimens and because the finches showed so much evidence for evolution and natural selection, they have been dubbed "Darwin's finches." This has led many people to conclude (mistakenly) that Darwin's theory of evolution was specifically inspired by the finches.

A legend in his own mind
Wells apparently feels the need to attack the finches largely because they are an "icon" in need of destruction; the chapter on the finches is perhaps the most poorly conceived section in the book. Wells initially focuses on the "biological urban legend" that the finches inspired Darwin to compose his theory of evolution. Of course this has nothing to do with whether or not the finches are a good example of an adaptive radiation. Therefore, his "requirement" that textbooks specifically mention that the finches "played no role" in Darwin's formulation of natural selection is irrelevant, only serving Wells's efforts to portray evolutionary biologists as people who just "make things up." This is like saying that because Betsy Ross did not really sew the U.S. flag, the flag does not actually exist. Wells even goes so far as to brand the finches a "legend" -- what is he trying to imply? Finally, Wells's assertion that Darwin was not inspired by the finches is not exactly correct. Although Darwin did not realize the significance of the finches until after Gould pointed it out to him in 1837, he then noted that the different species of finches were island-specific like the other Galápagos animals and suggested that they too were descendants of a mainland ancestor. Darwin made extensive notes about the finches in his diaries (Desmond and Moore 1991). The finches, then, did play a role in the formulation of Darwin's theory and they became an important part of his evidence for the role of natural selection in evolution; they were not a "speculative afterthought" as Wells claims.

After branding the finches a "legend," Wells switches gears and discusses the finches themselves, acknowledging the strength of the evidence for an adaptive radiation, given the similarities of the different species. Wells almost seems to accept that the finches are descended from a common ancestor; at least, he does not argue explicitly against it. But he demands that there be direct evidence for speciation by natural selection; in his attempt to explain how this demand could be met, the remainder of the chapter degenerates into a series of non sequiturs. This is particularly apparent in Wells's discussion of what would constitute "direct" evidence. 

Suggesting that the work of Grant and Grant claimed to be that direct evidence, he discusses their experimental work on finch beak variation. The most detailed selection work on the finches was done by the husband and wife team of Bruce and Rosemary Grant. For over two decades, the Grants and their students have monitored the sizes of the beaks of some of the finches on one small island (Grant, 1999). They have documented that the size of the finch beaks is correlated to the relative rainfall on the island, and thus to the abundance and hardness of the food. During dry years larger beak size is selected for, while during wet years the beak size is more varied. Wells acknowledges that the beaks vary and that this shows natural selection. He seems to accept that the changes in beak shape are caused by natural selection in reaction to drought-caused changes in the food supply. These data are some of the most compelling for natural selection in the wild -- something that even Wells has a hard time denying. However, he then contends that because the beak shape returns to a pre-drought size distribution, that no "net" evolution has occurred. But this is a mysterious contention. Natural selection occurred. If the droughts had continued, larger beak sizes would continue to be selected for, but the droughts did not. Evolutionary theory would predict that if climate oscillates, morphology would oscillate as well. The finches fit the predicted pattern. Speciation would require selection to be more constant than a couple of years here or there. It is not unreasonable to extrapolate that if just a couple of years of drought can have that significant an effect on beak size, then extended droughts could cause such variations to become fixed in a population, and lead to speciation. This is no different than extrapolations of unknown orbits. When a new comet is discovered, its orbit is calculated based on a few short-term observations. We assume that the forces acting on the comet are constant and thus we can predict its position in 10, 20, 100, etc. years. If gravity varied, then these extrapolations would be in doubt. In the case of the finches, climate varied and the extrapolations changed. Does Wells not allow scientists to make reasonable extrapolations based on data and observations? If so, physicists must be up next for Wells's scorn. Perhaps what is most interesting about Wells's discussion of this "icon," however, is that in chapter 7 on the peppered moths, he denies natural selection entirely, when he could have made the same argument -- that "no net evolution occurred" because the distribution of dark and light forms of the moths returned to pre-industrial levels just as the finch beaks return to pre-drought levels. For finches he accepts natural selection, but for the peppered moths he does not.

Wells goes on to complain about the extrapolations of speciation rates based on the Grants' data, complaining that the finches aren't an example of natural selection-driven speciation because no new species of finches arose during the duration of the Grants' study. However, no one would expect speciation to occur on that scale, and the Grants never claimed to expect it either. And how would you recognize a new species had formed? More importantly, one wonders how Wells would recognize new species based on his garbled discussion of species concepts (Wells, 2000:172-173), where he claims that one should "expect" "true" species to be separated by more than "just" beak shape and song pattern. This is important because in order to document speciation, you need a model by which to recognize species. Wells provides none, and cannot even manage to explain the currently accepted models properly.

Wells makes much of how the species of finches are freely hybridizing and may in fact be merging. He claims that in order to be "true" species, they should be separated by "more than beak shape and song pattern" (Wells, 2000:172). However, such a separation is a perfectly acceptable definition of species based on Recognition Concept (Paterson, 1985), according to which species are separated by behaviors that lead animals to recognize potential mates. This species definition is widely accepted amongst animal workers, which Wells should know, having a Ph.D. in biology. If Wells does not, one would expect him to learn it as minimum required research before critiquing others' diagnosis of species. Whether the species are merging or diverging is unimportant because both divergence and merging are forms of long-term evolutionary change. If indeed selection favors hybrids, as Wells appears to think, then the separate species will merge. That's still evolution and speciation by natural selection because the new hybridized form will be a new species favored by natural selection. 

Textbook coverage of the finches
Textbooks use the finches to illustrate a wide variety of concepts, from the history of evolutionary theory to adaptive radiation, natural selection, taxonomy, phylogeny, and niche partitioning. Textbooks that discuss the finches in an historical context generally devote a paragraph or two to the finches, sometimes in the discussion of how Darwin constructed his theory. Finches also frequently appear in sections dealing with patterns of evolution as an example of natural selection and/or adaptive radiation. Only the upper-level books discuss the Grants' work specifically. Space allotted to the finches vary from a few words to a few pages (Figure 16). In terms of the historical discussion, most books discuss the finches in connection with Darwin's visit to the Galápagos Islands. Few books explicitly credit the finches as Darwin's inspiration, however. Most do discuss the fact that they were part of his overall evidence that he collected on his voyage. Many books treat the finches as an example of an adaptive radiation. Some books discuss the finches as examples of natural selection and niche splitting instead; these discussions occur in the chapters on evolutionary processes or patterns. In Raven and Johnson, the finches are treated in detail; the discussion includes an accurate summary of the historical story and the work of the Grants. This book mentions the finches as an example of adaptive radiation along with the African cichlids. 

Bird-brained grading
Due to the diversity of treatment of the finches in textbooks, it is hard to evaluate the textbook coverage under Wells's grading scheme. The grading scheme employed for the finch icon is perhaps the strangest of all Wells's schemes. Like others, this grading scheme appears constructed specifically for failure. First, Wells objects to textbooks using the finches as an example of adaptive radiation, and he incorrectly equates an "adaptive radiation" with the "origin of species by natural selection" in his grading criteria. Adaptive radiation is a description of a pattern and makes no statement as to the process -- which the "origin of speciation by natural selection" does. This is important because one can document an adaptive radiation without knowing the process by which it occurred. He also wants textbooks explicitly to state that the beak shape oscillates. Further, in order for a book to get an A, a B, or even a C, the book must explicitly point out that the finches had nothing to do with Darwin's formulation of the theory of evolution. While books should not suggest that the finches were more important in the formulation than they were, it is interesting that in order to get a good grade, Wells insists that the books assert the negative. In his grading scheme, this means that any treatment of the finches that does not explicitly say that the finches did not inspire Darwin automatically gets a D, even if it mentions the beak size oscillation or evidence of merging. Thus the only criterion for the books' grade is the statement of an unnecessary piece of information --that Darwin was not inspired by finches. This has no pedagogical value and isn't even wholly true; even if it were wholly true, it has no bearing on the theory of evolution one way or the other. This brings up the question of Wells's real intent. His true goals are made apparent by the grades themselves. Wells grades many of the books needlessly low. When reevaluated on Wells's own criteria, many of the books given a D or F should hav been given a C (Figure 16). Is Wells simply looking for any excuse to damage textbooks' reputations?

Why we can still use the Galápagos finches as a teaching example
The finches clearly show adaptive radiation and were important to Darwin's research. Their inclusion in texbooks is perfectly legitimate and should not change. The best way textbooks could improve their presentations of adaptive radiation is to include other examples such as Hawaiian honeycreepers or African cichlids as well. There are numerous examples of adaptive radiation; the more of those that we teach to students, the better they will understand evolution. Comically, Wells never really objects to the finches as an example of natural selection, even concluding that "In this limited sense, the finches provide evidence for Darwin's theory" (Wells, 2000:173). If that is the case, what's the big deal?

CONCLUSION
Icons -- should we keep them?
The role of primary and secondary education is to pass on a certain body of accepted knowledge and basic concepts to students in order to prepare them to learn more. The question is whether the criticisms leveled by the author of Icons would aid us in that goal; the resounding answer is no. The educational program that would result from implementing the suggestions contained in Icons would have just the opposite result: It would seriously hamper science education and leave students unprepared for the future in which science, and biology in particular, will play an increasing role.

Figure 17 shows the grades that Wells gives each textbook, the number of pages each textbook specifically devotes to evolutionary theory compared to the total number of pages that contain evolutionary content (such as phylogenetic relationships), and when evolution is first mentioned in the text. Although the amount of text devoted to evolution varies widely in textbooks, the coverage as a percentage of the total text that evolution is given is very small -- usually less than 10% of the total book. Wells evaluates only four high school textbooks in the review, and those have a far smaller treatment of evolution than do the college texts. 

It is clear from Wells's treatment of the "icons" and his grading scheme that his interest is not to improve the teaching of evolution, but rather to teach anti-evolutionism. Under Wells's scheme, teachers would be hostile to evolution as part of biology instruction. Wells and his allies hope that this would open the door to alternatives to evolution (such as "intelligent design") without actually having to support them with science. 

In order to get a "good" grade from Wells, that is to portray a piece of evidence for evolution "accurately" (in Wells's opinion), one must mention it and then proceed to criticize it. This is not standard pedagogical practice; if an example is that bad, it should be removed from the biology curriculum, rather than introduced and then criticized. What we see is a pattern of grading to create bias rather than accuracy. Rewriting textbooks to criticize evolution serves no teaching purpose (teaching is a positive endeavor, not negative), yet it is clear from the grading that this is the goal of the author. What's worse is that the grading criteria are not even consistently applied. There is no pedagogical or factual basis for these grades, and they should not be taken seriously. To follow Wells's advice would not only result in mis-education about evolution, but about all of biology and other sciences as well. Good teaching may value critical thinking, but it does not value wanton criticism for the sake of criticism. 

Finally, in his zeal to attack the textbooks' treatments of evolution, Wells misses a chance to provide a good listing of actual errors in textbooks. A study of the textbooks that Wells evaluated uncovered factual errors, inexact wordings, and garbled explanations of biological phenomena that Wells either did not notice or considers unimportant. This lack of documentation of real textbook errors is yet another failure of Wells's effort. Far from being tracts of "evolution propaganda," as Wells implies, many biology textbooks devote too little space to evolution, especially in early chapters. Most of evolution is reserved for the middle of textbooks; it is frequently given less coverage than ATP cycles or photosynthesis. The topics of which Wells is so critical amount to only a small fraction of any given textbook. In fact, evolutionary biologists consider the lack of coverage of evolution, and the failure to interweave it throughout the entire book, to be the greatest deficit of textbooks.

In conclusion, the scholarship of Icons is substandard and the conclusions of the book are unsupported. In fact, despite his touted scientific credentials, Wells doesn't produce a single piece of original research to support his position. Instead, Wells parasitizes on other scientists' legitimate work. He could not have written the "Haeckel's embryos" chapter without the work of Richardson et al. (1997, 1998), or the "peppered moths" chapter without Coyne (1998) and Majerus (1998), or the "Archaeopteryx" chapter without Shipman (1998). Even then, Wells's discussions are rife with inaccuracies and out-of-date information. Wells seems to think that scientific theories are supported by certain "keystone" pieces of evidence, removal of which causes the theory to collapse. Paradigms in science work when they provide solutions and further research; their health is not tied to single examples. The paradigm of evolution is not tied to a single piece of evidence.

If that is the case, why "defend" the "icons" at all? If evolution doesn't need them, why not just replace them? The answer is simple: There is no reason to throw out good teaching examples unless the criticisms leveled against them are valid. We should not just acquiesce to Wells's arguments unless they have merit. Just as no piece of evidence becomes a teaching example without extensive testing, no example should be removed on the basis of one poorly argued, inaccurate, and tendentious book. In each case, it is Wells's arguments that are wanting, not the "icon." 

When Alfred Wegener first proposed his theory of continental drift, he was laughed at and ridiculed. What did he do? Did he form a non-profit advocacy group and lobby state school boards and lawmakers to force teaching of "evidence against" geosynclinal theory? Write a book called Icons of Uniformitarianism? Evaluate and grade earth science textbooks and demand that they be rewritten to remove examples of "borderlands"? No. He went back and did more research. He found like-minded colleagues and they produced research. He fought in the peer-reviewed literature. He produced original research, not polemical popular tracts or politics. Eventually his ideas were adopted by the whole of geology -- not through politics but because of their overall explanatory power. If Wells and his colleagues want "intelligent design" to succeed, they need to produce that research. Until they do, evolution remains the reigning paradigm and the "icons" are perfectly acceptable teaching aids.

FIGURES

The figures are omitted in this printed version. Please go to http://www.ncseweb.org/icons/figures.html for the complete figures online and print the ones you wish.
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