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who view evolution as a denial of religious belief. They have
two main fears: that evelutionary science denies the exigs:
tence of God; and, consequently, that it denies any basis fw
rules of moral or ethical conduct;which they believe hm
a divine source.

Without question, our knowledge of the history md
mechanisms of evolution is completely incompatible ﬂim
a literal reading of the creation stories in the Bible's Epnk
of Genesis, as it is incompatible with the hundreds ofi
creation myths that peoples throughout the world ha_ng de-

. vised, A literal reading of some passages in the Biblgis also

incompatible with physics, as when “the sun stood still in
the midst of heaven, and hasted not to go down @bout a
whole day” (Joshua 10:13), and with geology, hﬁttﬂﬂs
that there could not have been a worldwide ﬁﬁd upon
which Noah might have piloted an ark. Such paﬁges must
be read as the traditions of a prescientific, pa&ﬁral people,
or as parables—allegories that tell spiritual teuths but not
literal scientific facts. The story of how Adamiand Eve knew
shame and sin when they ate the fruit of tl';ﬂrec of knowl-
edge of good and evil (Genesis 3) S}fmijuwl‘f tells a truth,
for there can be neither good nor evil, ngﬁsm unless there
is knowledge, consciousness, self- reﬂeflﬁn Butitis as}rm-
bolic truth, not a history of literal EVEJ:ﬁ.

Evolution, and all the rest of science
with a literal interpretation of such

not be reconciled
i blical passages—but

‘does that deny the existence of aﬁematural power or

powers, of spiritual reality, of Gu@‘}md 4 human soul? On
these questions, science, including evolutionary biology, is
silent. By its very nature, sciencé €an entertain and investi-
gate only hypotheses about material causes that operate
with at least probabilistic raggﬁnt}r [t cannot test hypothe-
ses of supernatural mterven,lﬁh—muacies—nur of the ex-
istence of immaterial being fWImt science can do, and has
done, is to posit and docuﬂnt material, natural causes for
innumerable pheno men%ﬂiat were once ascribed to the di-
rect actions of supemagﬁal agents. [n providing natural,
material causes for the diversification and adaptation of
species, evolutionarybiology has done no more than the
physical sciences did#hen they explained earthquales and
eclipses. The sl:ead}rq@amn}n of the sciences, to be sure, has
left less and less ta'be explained by a supernatural Creator,
but science nenthﬂhcan deny, nor affirm, such a being.

As for their personal beliefs, evolutionary biologists in-
clude a small n‘fn}nw of assertive atheists, probably a ma-
jority with ag;gﬁ tic or vague spiritual beliefs, and a consid-
erable number who are devout members of all the major
religions. S@Mme, in fact, are priests or ministers who teach
courses anfldo research on evolution. Likewise, many non-
Sklti]llSl%‘&lld both religious beliefs and belief in evolution.
Many, f;nptxampll:. hold the THEIST position that God es-
tablished the natural laws of physics and let the world de-
Le!upmi its own according to those laws. Science cannot say
thatifhiey are right or wrong.

%EFE‘-’EL ethical and moral principles are to be found,

Probably not in science, and surely not in evolutionary
ﬁng}' Opponents of evolution have charged that evolu-

- were used by

tion by natural selection justifies the principle that “might
makes right,” and more than one dictator or impe#ialist has
invoked the “law” of natural selection to jus;iﬁf"a{mcities.
But evolutionary theory can offer neither thismor any other
precept for behavior. Like any other sciefige, it describes
how the world is, not how it should be. Thi€supposition that
what is “natural” is “good” is called By philosophers the -
NATURALISTIC FALLACY, whereby “natulal laws" are taken not
merely as regularities in nature, W as morally binding
principles that “offer a cosmic bdeking for the transition

from is to ought” (Collins 1959)¢

Among animals, behzmur&ﬁve evalved that by anala-

gy (usually a poor analogy)#@'human behavior are called
cooperation, monogamy, @8mpetition, infanticide, rape,
slavery, and cannibalisggeThese phenomena, like hurri-
canes and friction, a!ﬁ#ﬁterher they ought to be is not a
‘meanirgful scn:ntlﬁ_,‘g?_,‘ﬂuestmn The natural world is
amoral—it lacks mglality altogether. Despite this, the con-
cepts of natural sﬂtfon and e&rufutinnar}r progress have
often been mken#a morally proper “law of nature” They
to justify class struggle, by the Social Dar-
winists of th;ﬂr eighteenth and early nineteenth centuries
to justify ecg®mic competition and imperialism, by the an-
archist Pel Kmpmkm to justify cooperative economic in-
stitutio d by the biologist Julian Huxley to support an
"em]gﬁ’har}* ethics” leading to higher consciousness and
humdnitarianism {Hofstadter 1955; Williams 1938). All
ege Ideas, whether we find them appealing or repellent, are
sophically indefensible instances of the naturalistic

Hypotheses, Facts,
and the Nature of Science

*Oh, no!” groans the reader. “Not another lecture on the sci-
entific methed! [ learned that in high school!” )

Perhaps there is more to learn about it. How, for exam-
ple, can you be sure that DINA is the genetic material? What
if the scientists who "proved” it made a mistake? Has any-
thing really been proved absolutely true? Is science merely
one way—the dominant Western way—aof perceiving the
world, no more or less valid than other perceptions of re-
ality? Is evolution a fact or a theory? Or is it just an opin-
ion I'm entitled to hold, just as creationists are entitled to
their opposite opinion?

Consider a hypothetical example. You are assigned to de-
termine why sheep are dying of an unknown disease, You
take tissue samples from 50 healthy and 50 sick sheep, and
discovera certain protozoan in the liver of 20 of the sick an-
imals, but only 10 of the healthy ones. [s this difference
great enough to reject the NULL HYPOTHESIS: that the two
groups of sheep do not really differ in the inadence of pro-
tozoans? To answer this question, you do a statistical test to
see whether the difference between these numbers is too
great to have arisen merely by chance. You calculate the chi-
squars f;{lj statistic (it is 4.76), look it up in a statistical table
of chi-square values, and find that “0.025 < p < 0.05." What
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does this expression, which you will find the like of in al-
most all analyses of scientific data, mean? It means that (as-
suming you had a random sample of sick sheep and healthy
sheep) the probability is less than 0.05, but more than
0.025, that the difference you found could have been due to
chance alone and that there is no real difference in proto-
zoan infection rates of sick and healthy sheep, at large.

Every experiment or observation in science is based on
samples from the larger universe of passible observations (all
sheep, in this case), and in every case, there is some chance
that the data misrepresent the reality of this larger universe.

. That is, it is always possible to mistakenly reject the null hy-
pothesis—the hypothesis that there is no difference between
groups of sheep, that there is no effect of an experimental ma-
nipulation, or that there is no correlation between certain
variables. In some cases, happily, the probability of rejecting
a true null hypothesis, and of accepting as true a false alter-

native hypothesis, may be 0.00001 or less—in which case you
would feel confident that you can re ject the null hypothesis,
but not absolutely certain.
So the study of 100 sheep supports the hypothesis that
sick sheep are more likely to have protozoans—but only
weakly. You suspect that the protozoans might be the cause
of death, but you are worried by the imperfect correlation.
So you expand your sample to 1000 sheep, take liver biop-
sies and examine them more carefully for protozoans (re-
vealing cases that you might have missed in your first stady,
in which the protozoans are present, but at low density), and
record which sheep die within the following year, To your
great satisfaction, only 5 percent of the sheep in which you
did not find protozoans die; 95 percent of the infected
sheep die, and when all the survivors are slaughtered at the
end of the year, you find that the apparently healthy sheep
still show no sign of infection. You triumphantly report to
your advisor that the protozoan is the cause of the disease.
Right?
. Wrong, says she. You haven't el:mmatcd ather hypothe-

ses. Maybe the disease is caused by a virus that incidental-
Iy also lowers the animals’ resistance to a relatively harm-
less protozoan, Maybe some sheep have a gene that
shortens their life and also lowers their resistance to infec-
tion. What you must do, she says, is an experiment: inject
some sheep, at random, with the protozoan and others with
a liquid that is the same except that it lacks the organism.
You do so, and after several failed experiments—it turns out
that the infection’doesn't take unless the sheep consume the
protozoan orally—you are delighted to report that 90 of the
100 experimentally infected sheep died within 3 months,
and 95 of the 100 “control” sheep lived through the I-year
duration of the experiment. The chi-square test shows that
P <0.0001: there is an exceedingly Eow probability that your
results are due to chance,

At this point, you may have considerable confidence
that the protozoan causes disease and death. But you still
haven't absolutely proved it. s it possible that you isolated
and fed to the sheep not only protozoans, but an unseen
virus? Are you sure you infected sheep at random, or might
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- you subconsciously have chosen weaker-looking animals to®

infect? What de you suppose explains the 15 animals that
didn't fit the hypothesis? And even if p < 0.0001, there’s still
a chance, isn't there, that you had a bad “luck of the draw™?

We need not belabor the example longer, but it provides
several lessons. First, data in themselves tell us nothing: they
have to be interpreted in the light of theory and prior
knowledge. In this example, we need (among other things)
probability theory (which underlies statistics such as the chi-
square test), the theory of experimental design, and the
knowledge that viruses exist and might confound our con-

“clusions. The history of science is full of examples of con-

clusions that had to be modified or rejected in the light of
new theory and information. Until the late 1950, for in-
stance, almost all geologists believed in the fixed position of
the continents; now all believe in plate tectonics and con-
tinental drift, and many geological phenomena have had to
be reinterpreted in this light. Second, our hypothetical re-
search experience shows us that arriving at a confident con-
clusion takes a lot of work. Tt is easy to overlook that every
sentence in a textboolk purporting to state a fact is based on
research that required immense effort, usually at least a few
vears of at least one person’s lifetime, For this reason, sci-
entists usually defend their conclusions with considerahle
vigor—a point to which we will soon return. Third, and
mast important, research, no matter how carefully and
painstakingly conceived and executed, approaches proof, but
never fully attains it. There is always some chance, although
it may seem almost nonexistent, that the hypothesis you
have come to accept will someday be modified or rejected
in the light of utterly new theories or data that we cannot
now imagine. Consequently, almost every scientific paper
couches its conclusions in terms that leave some room for
doubt. Tn a paper on Drosophila genetics that happened
just now to be within reach, I read the conclusion: the ex-
periment “suggests that different mechanisms megliate the
two components of sperm displacement” (Clark et al.
1995, The data are, in fact, exquisite, the experiment care-
fully designed, the statistical analyses exemplary—but the

authors do not claim to have proved their peint. Scientists -

often have immense confidence in their conclusions, but
not certainty. Accepting uncertainty as a fact of life is es-
sential to 2 good scientist’s world view. :

Any statement in science, then, should be understood as
a HYPOTHESIS—a staternent of what might be true., Some hy-
potheses are poorly supported. Others, such as the hy-
pothesis that the earth revolves around the sun, or that
DNA is the genetic material, are so well supported that we
consider them to be facts. [t is a mistake to think of a fact
as something that we absolutely know, with complete cer-
tainty, to be true, for we do not know this of anything. {Ac-
cerding to some philosaphers, we cannot even be certain
that anything exists, including ourselves; how could we
prove that the world is not a self-consistent dream in the
mind of God?} Rathet, a fact is a hypothesis that is so firm-
ly supported by evidence that we aséume it is true, and act
as if it were rrue,
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Why should we share scientists’ confidence in the state-
ments they propound as well-supported hypotheses or as
facts? Because of the social dynamics of science. A single sci-
entist may well be mistaken (and, very rarely, a scientist
may deliberately falsify data). But if the issue is important,

if the progress of the field depends on it (as, for example, all*

of molecular biology depends on the structure and function

of DNA), then other scientists will skeptically question the -

report. Some may deliberately try to replicate the experi-
ment; others will pursue research based on the assumption
that the hypothesis is true, and will find discrepancies if in
fact it is false. In other words, researchers in the field will test
for error, because their own work and their own careers are
at stake. Moreover, scientists are motivated not only by in-
tellectual curiosity, but also by a desire for recognition or
fame (although they seldom can hope for fortune), and dis-
proving a widely accepted hypothesis is a ticket to profes-
sional recognition. Anyone who could show that heredity is
notbased on DNA, or that AIDS is not caused by the human
immunodeficiency virus, would be a scientific celebrity, OF
- course, those who originally propounded the hypothesis
have a lot at stake—a great investment of effort, and even
their reputations—so they typically defend their view pas-
sionately, even sometimes in the face of damning evidence.
The result of this process is that every scientific discipline is
tull of controversies and intellectual battles between pro-
_ Pponents of opposing hypotheses. There is competition—a
kind of natural selection—among ideas, with the outcome
decided by more evidence and ever-more rigorous analysis,
until even the most intransigent skeptics are won over to a
consensus view (or untll they die off). '

Evolution as Fact and Theory

Is evolution a fact, a theory, or a h}'puthesis;? In science,
words are often used with precise meanings and connota-
tions that differ from those in everyday life, &his is an ex-
ceedingly important point, and we will gs;:@"baunter many
examples in this book (e.g., fitness, ranﬁﬁ"n, correlation).
Amaong such words are hypothesis and{ﬁcory. People often
speak of a “mere” hypothesis (as I{;{?Tﬁ merely a hypoth-
esis that smoking causes cancer’) @8 if it were an opinion
unsupported by evidence, Infﬁ":ce, however, a hypothe-
sis is an informed statemen@Fwhat might be true, [t may
be poorly supported, espe aally at first, but as we have seen,
it can gain support to e point at which it is effectively a
fact. For Copernicus, g€ tevolution of the sarth around the
sun wasa hyputhegggﬁiith modest support; for us, it is a hy-
pothesis with strdifig support,

Likewise, a fHEORY in science is not an unsupported
speculation. er, it is a mature, coherent body of inter-
starzments, based on reasoning and evidence, that
@ variety of observations. O, to guote the Oxford
Dictiona ry. a theory is “a scheme or system of ideas
gtements held as an explanation or account of a group

Interconnected ideas, strongly supporte

propounded or accepted as accounting for the kr_i_i;.rn facts;
a statement of what are known to be the generalla
ciples, or causes of something known or o

atomic theory, quantum theory, and the theogjof plate tec-
tonics are not mere speculations or opinions, nor are they
even well-supported hypotheses (such as'the hypothesis

o

that smoking causes cancer). Each is an claborate scheme of
evidence, that

accounts for a great variety of phenomena.
Because a theory is a complex of sfatements, it usually
does not stand or fall on the basis of Single critical test (as
simple hypotheses often do). Rather, theories evolve as they
are confronted with new phenomenaer observations: parts
of the theory are discarded, modifigd, added. The theory of
rst of Mendel's laws of

heredity, for instance, consisted atf

 particulate inheritance, dominarige, and independent seg-

regation of the “factors” (genes) that affect different char-
acteristics, Exceptions to dnmirﬁ:cc and independent seg-
regation were soon found, but the core principle of
particulate inheritance remained. Building on and adding
to this core throughout the fWentieth century, geneticists

have developed a theory of heredity far more complex and
detailed than Mendel could’

Tiave conceived. Parts of the
theory are exceedingly well established, other parts are still
tentative, and we may expect many additions and changes
as the mechanisms of heredity and development are

tific fact. But it is expldined by evolutionary theary.

In The Origin of Species, Darwin propounded two large
hypotheses. One wag descent, with modification, from com-
mon ancestors, or, far simplicity, the hypothesis of descent
with modification [Fwill also refer to this as the “historical
reality of evolution,” The other large hypathesis was Dar-
win's proposed camse for descent with modification: that
natural selection $grts among hereditary variations.

Darwin proyided abundant evidence for the historical
reality of evolufion—for descent, with modification, from
common ancedlors. Even in 1859, this idea had considec-
able support. Within about 15 years, all biological scientists
except for a\ﬁw dichards had accepted this hypothesis.
Since then, Mindreds of thousands of observations, from
¥, biogeography, comparative anatomy, em-
tietics, biochemistry, and molecular biology,
med it. Like the heliocentric hypothesis of
85, the hypothesis of descent with modification
100 ancestors has long held the status of a sci-
entific @€t. No biologist today would think of publishing
@ papefon “new evidence for evolution,” any more than a
chemigt would try to publish a demonstration that water
is composed of hydrogen and oxygen. It simply hasn't been
ig8lle in scientific circles for more than a cenlury.
rwin hypothesized that the cause of evolution is nat-
dlselection acting on hereditary variation, His argument
5 based on logic and on interpretation of many kinds of

L ; OLf@Cts or phenomena; a hypothesis that has been con- cifumstantial evidence, but he had no direct evidence,
L""’. @ﬁed or established by observation or experiment, and is ore than 70 years would pass before an understanding of
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