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1. INTRODUCTION

There is little argument that the topic of organic evolution is one of the dominant unifying themes in

biology, and most agree with geneticist Theodosius Dobzhansky (1973) that "nothing in biology

makes sense except in the light of evolution." The place of evolutionary theory within biological

history is of such vast importance that it demands a major role in biology education. Knowledge that
change through time has occurred and that the proposed mechanisms for such change have withstood the

test of scientific scrutiny is vital to students who hope to understand almost any aspect of the life sciences

in proper context.

In spite of the strong justification for including evolution-related instruction in biology curricula, "descent
with modification" is a particularly difficult educational issue, for by its very nature, evolution is an

abstract and generally nonobservable phenomenon. As Stebbins and Allen (1975) stated, "Like the

concept of the atom, evolution by natural selection is an abstract principle. It often involves great reaches

of time and processes dimly perceptible in ordinary sensation and experience" (p. 206). In addition, many
students have only marginally formed the mental structures necessary to conceptualize the complex topics

associated with evolutionary biology.

Educators are, therefore, advised to engage learners of evolution theory at the most effective level avail-

able that of the concrete, hands-on laboratory experience. Students will not discover for themselves all

of the essential ingredients for the Darwin-Wallace model of evolution by natural selection, nor will they

see real evolution in the laboratory. Nevertheless, the wide variety of unique laboratory activities pro-

vided in this monograph should make a hands-on approach to evolution education both practical and
dynamic, affording classroom instructors the opportunity to put aside the traditional lecture format in

favor of a more student-centered investigative approach.

Investigating Evolutionary Biology in the Laboratory 5
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EVOLUTION EDUCATION IN THE LABORATORY

William F. McComas
University of Southern California, Los Angeles, California

The theory of evolution by natural selection was certainly the most important single scientific innovation in the
nineteenth century. When all the foolish wind and wit that it raised had blown away, the living world was different

because it was seen to be a world in movement. (Jacob Brownowski, 1973)

As a guide in developing this monograph,

58 separate evolution exercises from 12

different current high school biology

textbooks were reviewed. Not surprisingly, the

number of activities included in laboratory

manuals accompanying textbooks corresponds

closely with the extent and coverage of evolu-

tion in the associated text, and the sophistication

and complexity of the laboratory is directly

related to the perceived cognitive level and

abilities of the target audience. This, of course,

makes some laboratory manuals much more

useful as sources of evolution-related activities

than others. However, few teachers have the

luxury of reviewing the dozens of sources
currently available and choosing one of the few

that features evolution prominently and appro-

priately.

What is most interesting is the high degree of

uniformity in the activities provided in these

published sources. For instance, virtually all of

the laboratory manuals reviewed include some

version of a natural selection simulation, and

over half of all the sources consulted include
human ancestry activities in which students
measure and compare line drawings of various

primate skulls. Unfortunately, there is nothing

particularly illustrative about the primate skull

approach, nor can this approach legitimately be
called an inquiry activity. The lesson is clear that

most teachers are well advised to look beyond

8

any single source for their evolution laboratory

ideas.

One of the most detailed and thought-provoking
collections of laboratory activities specific to

evolution was produced by the Biological

Sciences Curriculum Study (BSCS) as part of its

now-classic Biology Laboratory Block Series

(Webb 1968). Although this publication is no

longer in print, BSCS has again performed a

significant service to biology education with the

development of a new evolution education
curriculum module (linked to videodisc images)

called Evolution: Inquiries into Biology and

Earth Science (BSCS 1992).

To help bridge the gap between what is already

available in curriculum projects and in class-

room laboratory manuals, we endeavored to

locate nontextbook, high-quality, inquiry-based
activities related to aspects of evolution biology.

The activities included in this monograph

represent a collection of unique, clever and

effective means of addressing evolution in the
school science laboratory and come from a

number of journals, including The American

Biology Teacher, the Journal of Biological

Education, School Science Review, and System-

atic Zoology. They represent excellent ways for

teachers to broaden the range of experiences in
which evolution can be made to come alive in

the science laboratory.

Investigating Evolutionary Biology in the Laboratory 7



How to Use this Monograph

Some of the activities in this monograph are

previously unpublished exercises; some are new

versions of well-known labs; a few would make

useful classroom demonstrations; and several

require somewhat sophisticated equipment. As a

group, these activities represent a valuable

teaching resource. Biology educators can now

illustrate most aspects of the Darwin-Wallace

model of evolution by natural selection by

choosing an appropriate activity from each

section.

For instance, there are several different exercises

requiring students to propose phylogenies of

evolutionary trees; each with its own strengths

and limitations. The main justification for

providing several activities targeting the same

evolutionary concept is to provide opportunities

to address specific concepts to be experienced

by students while maintaining an appropriate

level of complexity. With access to several

similar activities, educators may use one exer-

cise for instruction and another for authentic
assessment. For example, in the laboratory
activity by Burns (see p. 120), students use nuts

and bolts to propose an evolutionary lineage.

Later, another phylogeny exercise by Hageman

(see p. 111) using the newly-discovered crea-

tures called "alumenontos" (aluminum pull tabs)

could be employed in a test situation to see if

students truly can apply what they have learned

about evolutionary relationships.

The laboratory activities are edited into a

common format and placed together with other

exercises illustrating the same evolutionary

principle. These major principles include

evidences of evolution, variation within the

species, adaptation, and simulations of natural

selection. Each activity begins with a brief
overview so that teachers can judge the suitabil-

ity of the exercise along with several of the

evolutionary principles exemplified by the

specific laboratory.

8 Investigating Evolutionary Biology in the Laboratory

The most appropriate level (life science, general

biology, and/or advanced biology) is associated

with each activity. These levels relate to the

activity as written, but simple modifications

might extend the usefulness to students of other

abilities. For instance, the addition of the

mathematical calculations or the substitution of

the Hardy-Weinberg equation for simple ratios

might make several of the simulations applicable

to life science students. Conversely, the addition

of more sophisticated analyses of results could

extend many of the activities to the advanced

biology classroom.

The materials section is divided between those

materials necessary for the entire class (possibly

24-32 students) and those needed for each

individual laboratory group within that class.

Each student group may consist of any reason-

able number of students (i.e., four to six students

per group).

Evolution by Natural Selection: A Review

The factors involved in natural selection and the
results of the selection process are adapted from

those summarized by Huxley (1966) as follows:

All organisms show considerable natural

variation within each species.

Much of this variation is inherited.

In nature, all organisms produce more off-

spring than can survive.

Accordingly, there is a "struggle for exist-

ence" not all the offspring will be able to

survive to reproduce.

Some variants have a better chance of surviv-

ing or reproducing than others.

The result of the above is natural selection

the differential survival or reproduction of

favored variants; and this, given sufficient



time, can gradually transform species and

produce both detailed adaptation in single

species and the large-scale, long-term im-

provement of types.

This monograph is based on the realization that,

while it may not be possible to "see" evolution

in the laboratory, it is possible to investigate

many of the essential ingredients of the Darwin-

Wallace model of evolution by natural selection

through appropriate investigative activities.

A Philosophy of Laboratory Instruction

Although the laboratory activities presented here

are provided in a traditional format, it is not our

intent that each exercise be photocopied in its

entirety and simply handed to students. In

keeping with the new emphasis on constructivist

learning, we recommend that students be given

minimal written instruction and challenged

instead to investigate the problem with methods

of their own design.

Of course, if some new technique needs to be

taught in order for students to effectively

complete the investigation, teacher-provided

instruction is the best choice. However, even

new techniques ought to be experienced by

students in context rather than followed blindly

in a step-by-step fashion.

This is also true of data tables. Although sample

tables have been included for your review,

generally we advise that students develop their
own means for data reporting. Models that make

sense to students personally will be much more

useful to them than any teacher-designed data
reporting sheets. Since, however, this may not

be a simple matter for students who have grown

accustomed to the more prescriptive types of

laboratory exercises, such an instructional

technique should be phased in over time.

Basically, what we propose is a learning cycle

approach to the laboratory experience, whereby

Cy'

students are provided an opportunity to investi-

gate a problem in the lab before it is discussed in
detail in class. (It will be much more interesting

for students to discover for themselves that there
is variation within species, rather than simply

verifying that fact after the concept is presented

during a lecture.) After a thorough classroom

discussion of their lab results and conclusions,

students are asked to explore the phenomenon

further by making a prediction or by applying
what has been learned. The variety of laboratory

exercises targeting the same aspect of evolution

theory provided here makes this approach

possible.
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MISCONCEPTIONS IN EVOLUTION EDUCATION

Alan I. Colburn
University of Iowa, Iowa City, Iowa

How would your students answer the following?

Cheetahs can run faster than 60 miles per
hour when chasing prey. How would a
biologist explain how this ability evolved in

cheetahs, assuming their ancestors could
only run 20 miles per hour?

Cave salamanders are blind (their eyes are
nonfunctional). How would a biologist

explain how this inability evolved from

sighted ancestors?

Responses to questions like these, from

Bishop and Anderson (1986), provide

clues into student views of evolution

and natural selection. The responses might be

surprising. They suggest the debate between

Lamarckism and natural selection is not over. In

fact, Lamarckism the idea that changes

acquired during one's lifetime are imprinted on

the genes and become a part of the heritage of

future generations may even be more ac-

cepted than Darwinian thinking.

Lamarck's idea that generations of giraffes

stretching their necks to get food created their

present anatomy seems more reasonable to many

students than the idea of natural selection. Full

appreciation of research about student under-

standings of ideas like evolution, however, first
requires a brief examination of the theory of

constructivism.

Constructivism and Student Conceptions of
Evolutionary Biology

Science educators are rapidly coming to accept

the tenets of a learning theory called

"constructivism." Constructivist thinking rests
on the assumption that learning is an active

process in which the learner constructs ideas to

account for new phenomena. To learn something

new, a student must literally change his or her

mind. And we all know how hard it is to get

other people to change their minds!

Constructing ideas about the physical world

begins long before school. Learning about the

world, of course, neither begins in nor is limited

to what happens in classrooms. As a result,

students have all sorts of firmly held ideas,

concepts and theories about how the world

works before they enter our classrooms. These

concepts frequently differ from those accepted

by scientists.

When the science ideas and vocabulary pre-

sented in classrooms conflict with students'

intuitive ideas backed up by years of experi-

ence formal science is usually the loser.

Students' present understanding is rather resis-
tant to change, although students can hold two

conceptions simultaneously: one just for science

class and one for everywhere else. In addition,

when instruction does have an effect, the ways

that students' views change may be other than
what was intended by the teacher.

Investigating Evolutionary Biology in the Laboratory 11
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An important implication of constructivism is

that, since students have had different experi-

ences before coming to class, they may interpret

instruction differently. In other words, different

students may take different things away from the

same lesson because of the notions they already

had in their minds.

With this information in mind, it is time to

address the kinds of conceptions that students

hold about the ideas of evolution, natural

selection and adaptation.

Student Conceptions of Evolution, Natural
Selection and Adaptation

Amazing similarities exist between the ideas

students of various ages have about ideas such

as evolution, natural selection and adaptation.

From children (Renner et al. 1981; Minitzer &

Arnaudin 1984) to college students (Bishop &

Anderson 1986; Bishop & Anderson 1990) and

graduate students (Brumby 1984), people

display the same kind of thinking about topics

associated with evolutionary biology.

While many students accept that organisms

change with time through evolution, students

often hold ideas about the mechanisms account-

ing for the changes that are quite different from

those of scientists. Biologists posit that new
traits come from seemingly random changes in

genetic material, which then survive or disap-

pear due to selection by the environment. The

genetic changes (mutation or recombination)

occur separately from selection; this is the key
point evolution's mechanism involves two
separate, distinct and independent processes.

Many students, on the other hand, think about

evolution in Lamarckian terms a single

process affects the development of traits in a

population. The environment literally causes

traits to change over time. This makes sense on

the surface. After all, as environments change,

organisms change. People often falsely assume

12 Investigating Evolutionary Biology in the Laboratory

this correlation implies a cause and effect

relationship.

A major reason organisms develop specific

traits, in students' minds, is because the organ-

isms need the traits to survive. As a response to

Bishop and Anderson's questions, for example,

one student wrote that cheetahs needed to run

fast for food, so nature allowed them to develop

faster running skills. Similarly, organisms

developed fur because they needed the warmth

to adapt to colder temperatures.

Students also believe organisms change in

response to use or disuse of organs or abilities.

Species change because members do or do not

use these organs and abilities. Thus, cave

salamanders' eyes are nonfunctional simply

because they do not use them. If this were true,

the more we use cars as transportation (rather

than walking), the smaller and weaker our legs

should become.

Another reason that the researchers conclude

students believe the environment causes evolu-

tion comes from the various ways people use the

terms "adapt" and "adaptation." The words

have different meanings in and out of biology.

Webster's New Collegiate Dictionary defines

adapt as "to make fit (as for a specific or new

use or situation) often by modification." The
definition of adaptation includes the following

entry: "Adjustment to environmental condi-
tions: as . . . modification of an organism or its

parts that makes it more fit for existence under

the conditions of its environment."

"Adapt" and "adaptation" have Lamarckian

connotations everywhere except in the science

classroom. It is no wonder students hear teachers

and textbooks talking about adaptation and think

in terms of the environment directly affecting

Organisms. We have indeed adapted, in the

everyday sense of the word, to our surroundings,

based on our needs. This, however, is cultural,

not biological, evolution.

13



All the ways we have evolved during the last

50,000 years are cultural. The key point to be

made here is that cultural evolution generally is

Lamarckian, with change occurring through use

and disuse. Our cultural evolution has been

directed change. And it is this kind of "evolu-

tion" knowledge and experience that forms the

basis for student conceptions of evolution,

selection and adaptation.

Changing Student Thinking

Since students already have many diverse ideas

about evolutionary biology, from a constructivist

perspective, it will be necessary for teachers to

work to change students' minds. Saunders

(1992) discusses four interrelated teaching

strategies to help students change their minds
about topics like evolution.

First, there are hands-on laboratory activities

but not just any activities. The student must test

what he/she already knows to form an expecta-

tion about what will probably be observed. This

type of lab experience is often called "investiga-

tive," "inquiry," or "open-ended." Results
differing from those expected create disequilib-

rium in the student's mind. This is the first step
for students as they begin questioning their

thinking about a topic.

Second, students need active cognitive involve-

ment. This means students have to use their

heads. As elementary students, we were all told

to put our "thinking caps" on, and students still
need to have their thinking caps on to promote
cognitive change.

Strategies include having students and teachers
thinking aloud, developing alternative explana-

tions, interpreting data, constructively arguing

about the phenomena under study, developing

alternative hypotheses, designing further experi-
ments to test alternative hypotheses, and choos-

ing hypotheses from competing explanations

(Saunders 1992). Students must do the work of

learning; the teacher cannot do it for them.

Wisdom simply cannot be taught.

Many of the strategies mentioned above are

facilitated through the use of group work, a third
way to help students learn from a constructivist

perspective. Small group work stimulates

thinking, especially if students are explaining or

defending their thinking to their peers.

Finally, there is assessment. If teachers do not
assess the kind of higher-level thinking they are

encouraging when using the strategies above,

then students probably will not pay the kind of

attention needed for meaningful learning to

happen. One way to do this is by asking the

kinds of questions that began this article.

Keown (1988) looks at teaching evolution

specifically, using a Piagetian framework. He

shows how abstract the concepts of evolution are

pointing out, for example, that many students

find no less plausible the idea of creating Eve

from Adam's rib versus a protozoan changing
into an elephant, regardless of the time frame

involved. He suggests ways to make concrete

background information students need to
understand evolution the geological time

scale, continuously changing environments,

genetic variation, and the biological potential of

organisms to produce virtually unlimited num-

bers of offspring if left unchecked.

One suggestion in teaching about evolution and

natural selection is to be rather careful using the

term "adaptation," since students may interpret

the word differently than scientists do. One

possibility is to replace use of the term with
phrases like "inherited changes that help the

organism." In other words, simply avoid using
the term initially. Alternatively, perhaps it is

sufficient to simply refer to biological adapta-

tion, stressing how biological adaptation differs
from "everyday" adaptation.

Another suggestion comes from the fact that the

Investigating Evolutionary Biology in the Laboratory 13
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proponents of constructivism place importance

on starting with students' ideas. In this case, that

would include showing students you understand

the appeal of the Lamarckian thinking they may

hold. After all, "inheritance of acquired charac-

ters" (the phrase biologists often use) does make

sense; it is simple; it is gratifying it seems to

place us at an evolutionary pinnacle and it fits

with what students already believe about adapta-

tion. In fact, evolution would proceed more
efficiently if it worked the way many students
believed! The only problem is that it does not.

Teachers and students both can see the appeal in

Lamarckian thinking, but getting students to

change their minds requires that they see the

flaws in their personal theories and know that
accepted scientific wisdom offers a better

explanation than their thoughts on how organ-

isms adapt in response to new environments.
Perhaps an examination of what changed the

minds of the scientific community about this
topic is worthwhile since no educational re-

search is yet available to assist teachers.

Refuting the Idea of Inheriting Acquired
Characteristics

The idea of inheritance of acquired characteris-

tics was refuted by experimentation and theoreti-

cal argument (Mayr 1982). According to Mayr,

most of the experiments fell into one of three

categories: experiments in the total disuse of a

structure, in the amputation of a body part, and

in selective breeding among pure lines. In the

first two cases, offspring would be expected to

have smaller versions of affected structures. In
the latter case, offspring would be expected to be

different from their parents.

Although students could theoretically replicate
experiments involving the effects on offspring of
amputating parts of a plant, doing this kind of

14 Investigating Evolutionary Biology in the Laboratory

laboratory work may prove difficult in many

classrooms. Instead, however, teachers can

challenge students to come up with (and explain)

instances from the student's personal experi-

ences that seem to refute the theory. For ex-

ample, many of us know of deaf people who

produced hearing children (not to mention

hearing parents who had a deaf child) and

people with birth disorders producing unaffected

children.

An important part of the theoretical argument

against this kind of inheritance came with

acceptance of the idea that germ cells are

separate from body (somatic) cells. Changes in

body cells do not affect germ cells. If students

understand this point, they can be challenged to

explain how changes in a mature organism can

affect its sperm or egg cells.

Another part of the theoretical argument against

acquired inheritance is showing that the kinds of

phenomena explained by the theory can be

explained equally well or better on the basis of

Darwinian theory. This is where the teacher's

knowledge may play a large part in changing

student thinking. You will be the one who helps

convince students that Darwinian thinking

effectively explains how organisms change

through time. You will have to apply your

knowledge of natural selection to help students

understand the adequacy of this idea (although

students who understand the theory can perform

similar functions working in small groups with

other students).

Constructivism helps explain the difficulty

inherent in teaching students complex ideas like

those of evolution and natural selection. The

theory also offers a powerful framework to view

and understand your students. Enhanced under-

standing of student thinking will lead directly to

the most appropriate instructional strategies.
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REDUCING RESISTANCE TO EVOLUTION EDUCATION

Michael P. Clough
Memorial High School, Eau Claire, Wisconsin

The citizens' appalling ignorance of the nature of science ... bodes ill for the future. And the more 1 think about this

problem, the more I feel that the fault is mainly ours we, the teachers in the schools, colleges, and universities of
the nation, must accept much of the blame. (John A. Moore, 1983)

Students of all ages not only possess a host

of misconceptions concerning biological

evolution, but many are secretively or

openly hostile toward the topic when it is

addressed in science classes. These misconcep-

tions and apprehensions exacerbate the chal-

lenges in teaching biological evolution. There-

fore, before initiating activities designed to

illuminate aspects of biological evolution, such

as those provided in this monograph, teachers

should first seriously consider the "conceptual
baggage" that students bring to this topic.

In the previous section, Colburn addressed some

of the biological misconceptions related to

evolution education. In this chapter, I will focus

on philosophical issues that may block learning,

as failing to address all misconceptions will

seriously compromise the desired outcomes.

What teachers do with activities is at least as

important as the activities themselves! This

paper suggests strategies that facilitate a more

accurate portrayal of the nature of science and

diminish hostility toward evolution education,

thereby promoting a deeper understanding of

evolutionary theory.

The Public Evolution/Creation Controversy
and the Nature of Science

Researchers (Carey & Strauss 1970; Rowe 1976;

Hodson 1988; Eve & Dunn 1990) have shown

that science teachers continue to hold funda-

mental misconceptions regarding the nature of

science. Not surprising, therefore, are the

numerous studies documenting science students'

misconceptions concerning the nature of science

(Horner & Smith 1981; Rowell & Cawthron

1982; Johnson & Peeples 1987; Rubba, Ryan &

Aikenhead 1992). John Moore (1983) claims

that the public evolution education controversy

is, in large part, a result of misunderstandings

concerning the nature of science:

"... It becomes evermore important to
understand what is science and what is not.

Somehow we have failed to let our students

in on that secret. We find, as a consequence,

that we have a large and effective group of

creationists who seek to scuttle the basic

concept of the science of biology ... a huge
majority of citizens who, in fairness, opt for

presenting as equals the science of creation

and the science of evolutionary biology ... It

is hard to think of a more terrible indictment

of the way we have taught science."

Johnson and Peeples (1987) found that, as

students' understanding of the nature of science
increased, they were more likely to accept

evolutionary theory. Especially disturbing, then,

are the results from the same investigation that

show that biology majors have a low under-

standing of the nature of science. In a smaller

Investigating Evolutionary Biology in the Laboratory 15
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study, Scharmann and Harris (1992) found that

promoting science teachers' applied understand-
ing of the nature of science reduced anxiety

toward the teaching of evolution.

Not surprisingly, one widely accepted compo-

nent of scientific literacy that has emerged is the

need for individuals to have a thorough under-

standing of the nature of science (ASE 1981;

NSTA 1982; AAAS 1989; Matthews 1989;

NAEP 1989). The authors of the reports cited

above have prompted many science educators to

call for increased emphasis on the social studies

of science in preservice and inservice science

teacher education programs (Nunan 1977;

Manuel 1981; Summers 1982; Gallagher 1984;

Clough 1989; Matthews 1989).

Suggestions for Reducing Resistance to
Evolution Education

No single strategy will pacify all those who

oppose evolution education, but a large middle

ground of students and parents exists that, while

not having strong convictions for any one

position, is sympathetic to the "fairness" issue
and seriously believes a controversy exists in the

scientific community concerning biological

evolution. The following suggestions are in-

tended to help science teachers reduce resistance

to evolution education, avoid unnecessary
controversy, and promote an understanding of

the nature of science and biological evolution.

A) Clarify the Distinction Between Biological
Evolution and the Origin of Life

Much of the resistance to evolutionary theory

arises from the mistaken notion that biological

evolution and ideas concerning the origin of life

are one in the same. This misconception is held

by creationists, the general public and, tragi-
cally, by Supreme Court Justices, as evidenced

by Justice Scalia's opinion in the Louisiana
evolution/creation case. How life arose is an
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extremely interesting scientific problem. How-

ever, biological evolution per se does not
involve the study of origins.

"Evolution studies the pathways and mecha-

nisms of organic change following the origin of
life" (Gould 1987). This single demarcation

often eliminates most resistance to biological

evolution. Of course, discussions of cosmology

should not be avoided, but teachers should make
it clear that biological evolution explains the

diversity and similarity of life on this planet

not how life first arose.

B) Use the Language of Science Correctly and
Consistently

Science teachers must be very careful with

significant language related to the nature of

science. Words such as "prove," "true,"

"theory," "law" and "hypothesis" have different
meanings in and out of science. If used incor-

rectly, these words have the potential to create

misconceptions.

For example, students often see scientific ideas
as copies of reality (Ryan and Aikenhead 1992).

Science teachers create needless trouble when

they perpetuate this misconception. Many

arguments can be made against the notion of

"truth" or "certainty" in science, but Einstein
and Infeld (1938, p. 31) provide an easily

understood analogy:

"In our endeavor to understand reality, we

are somewhat like a man trying to under-

stand the mechanism of a closed watch. If he

is ingenious, he may form some picture of a

mechanism which could be responsible for

all the things he observes, but he may never

be quite sure his picture is the only one

which could explain his observations. He

will never be able to compare his picture
with the real mechanism, and he cannot even

imagine the possibility or the meaning of

such a comparison."
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Because the "watch" can never be opened,

asking whether ideas concerning the natural
world are true (i.e., copies of reality) is to ask an

unanswerable question. Einstein suggested a

different view of scientific truth truth is what

works! Science teachers should acknowledge

that all scientific ideas (not just evolution) are

tentative, are open to revision, and are judged by

how well they work.

As a second example, consider that outside of
science the word "theory" most often means

"guess" or "speculation." Ryan and Aikenhead
(1992), after collecting the responses of more

than 2,000 grade 11 and 12 students, found:

"The majority [of students] (64%) expressed

a simplistic hierarchical relationship in

which hypotheses become theories, and

theories become laws, depending on the

amount of proof behind the idea."

When individuals bring this misconception to

the evolution/creation controversy, nonsensical
statements such as "evolution is only a theory"

are often heard. The word "theory," however,

has an entirely different meaning in science.

Among other things, scientific theories predict,

explain (Campbell 1953), and provide concep-

tual frameworks for further research (Kuhn

1970). Certainly some scientific theories are

more speculative than others, but all must

perform the functions just described.

Finally, due to the emotional response of many

students toward evolutionary theory, what
science teachers say and how they say it are

especially critical. A fundamental tenet of
constructivist learning theory is that students'

views, whether they be alternate conceptions or

misconceptions, must be treated with great

respect. Making light of students' views only
exacerbates the difficulty of persuading them to

build a functional understanding and acceptance

of biological evolution.

C) Stress Functional Understanding Rather
Than Belief

When students are faced with a choice between

evolutionary theory and their personal religious

conviction, science will most certainly lose.

Lawson and Worsnop (1992) write:

"... Every teacher who has addressed the
issue of special creation and evolution in the

classroom already knows that highly reli-

gious students are not likely to change their
belief in special creation as a consequence

of relatively brief lessons on evolution. Our
suggestion is that it is best not to try to do

so, not directly at least."

Students are more likely to consider and accept

evolution if a functional understanding of the
theory is stressed. This, once again, can be

accomplished by showing how the theory works

(i.e., predicts, explains and provides a frame-

work to conduct further research).

A recent book, Science as a Way of Knowing, by

John Moore (1993) does just this by providing a

comprehensive list of deductions that follow

from evolutionary theory and the evidence

sustaining these deductions. These deductions
represent propositions derived from and sup-

ported by evolution by natural selection. Stu-

dents might be challenged to develop their own
deductions and then investigate to see if evi-

dence supports those deductions. According to
Moore (1993), there are a number of deductions,

including the ideas that:

The species that lived in the remote past must

be different from the species today.

The older the sedimentary strata, the less the

chance of finding fossils of contemporary

species.

The simplest organisms would be found in the

Investigating Evolutionary Biology in the Laboratory 17
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very oldest fossiliferous strata, and the more

complex ones only in more recent strata.

It must be possible to demonstrate the slow

change of one species into another.

It must be possible to demonstrate forms

between major groups (e.g., phyla, classes,

orders) should have existed.

The age of the Earth must be very great.

If the members of a taxonomic unit share

common ancestry, it should be reflected in
their structure and embryonic development.

If a unity of life is the basis of descent from a

common ancestry, then this should be re-

flected in the structure of cells and in the

molecular processes of organisms.

Another particularly effective approach to show

the usefulness of evolutionary theory is to

examine the implications of evolutionary theory

for modern medicine. For example, an increas-
ing number of biotechnology companies are

using "applied" molecular evolution in the

development of high-tech drugs (Bishop 1992).

At a macroevolution level, Gould (1988) writes

a particularly biting attack, showing how an

ignorance of evolutionary theory resulted in a

questionable heart transplant from a baboon to a
human infant.

Some individuals will argue that the instrumen-

talist perspective I am advocating is simply a

form of avoidance. However, if we look to the
history of science, well-known scientists took

this same approach. In 1867, Kekule reputedly

wrote: "I have no hesitation in saying that, from

a philosophical point of view, I do not believe in
the actual existence of atoms ... As a chemist,
however, I regard the assumption of atoms as
absolutely necessary."

Students, when presented an instrumentalist
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perspective, not only are more likely to consider

evolution but also will learn a great deal about

the history, philosophy and sociology of science.

D) Realize Knowledge Is Not Democratic

The public clamor for teaching both evolution

and creationism in our nation's public science

classrooms is, in part, an admirable, but some-

times inappropriate, belief in fair play. However,

fair play doesn't mean giving credibility to every

idea. We don't allow discredited views, such as

a flat-earth, astrology, Aristotelian physics, and
geocentricity, into our science curriculum

simply because a significant number of citizens
may believe these ideas. Students need to be

made aware that the scientific community, not

public opinion polls, decides what is good
science!

E) Realize Science Provides Natural
Explanations for Phenomena

Ryan and Aikenhead's (1992) research indicates
that 46% of students hold the view that "science

could rest on the assumption of an interfering

deity." This misconception concerning a basic
assumption of science has devastating conse-

quences as students interpret the meaning of data

gathered in evolution activities. This view may
be confronted in the following way:

A popular science cartoon by Sidney Harris
(1977) has two scientists at a blackboard
considering a lengthy series of mathematical

computations interrupted by the written

statement, "Then a miracle occurs," fol-
lowed by another series of computations.

The scientist in the foreground, pointing at

the reference to the miracle, states, "I think

you should be more explicit here in Step 2."

This cartoon conveys an important message

about science as well as the evolution/creation

controversy. Science deals with the natural
world and, consequently, its explanations must
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be couched in natural expressions. Explanations

employing supernatural events and/or deities are

beyond nature and, hence, beyond the realm of

science.

What the above comic points to is the crucial

concept that references to the supernatural are

not particularly useful in science. Creationists do

not seem to understand that, even if the evidence

did suggest an abandonment of biological

evolution, the scientific community would then
attempt to explain the diversity of life in other

naturalistic terms. This is the essence of science.

F) Remember That "Fitness" Is Not Just
"Differential Reproductive Success"

Perhaps the most intuitive aspect of biological

evolution is natural selection the idea that

organisms with advantageous characteristics in a
given environment have a greater chance of

survival and reproduction than organisms

lacking these characteristics. Herbert Spencer
coined the popular phrase "survival of the

fittest" as a definition for natural selection.

Many laboratory activities address this funda-
mental concept. However, when "fitness" is

defined solely as "differential reproductive

success," the phrase "survival of the fittest"

becomes "survival of those who survive" an

empty tautology (Gould 1977). Tautologies

(e.g., my mother is a woman) are true by defini-

tion and, hence, not open to testing. Alert

creationists will, with good reason, attack
evolution on the grounds that tautologies are not

testable. The solution to this apparent problem is

that "fitness," while often expressed as differen-

tial survival, is not defined by it (Gould 1977).

G) Consider the Issue of Falsifiability

Creationists often claim that evolutionary theory

is not falsifiable and, hence, not science by

Popper's (1963) criteria. Yet, in the next breath,

they will cite several pieces of evidence that

r..

supposedly falsify evolution. These two posi-

tions are self-contradictory because an idea

cannot be both unfalsifiable and falsified.

H) Consider Anomalies in Science

Perhaps the most counterintuitive notion that

comes from the nature of science is the well-

supported view that unsolved puzzles and
seemingly refuting evidence do not always result

in rejection of a scientific idea. Kemp (1988)

writes:

"Any theory of the scope of the theory of

evolution will always be faced with anoma-

lies, things that it cannot explain, or even

things that seem to contradict it."

The reasons for this are varied and detailed, but
comprehensive theories are not discarded simply

because several pieces do not fit. Many histori-

cal examples exist demonstrating that contradic-
tory data did not result in abandonment of ideas

accepted today as good science (Kuhn 1970;

Chalmers 1982; Kitcher 1982).

The debate surrounding punctuated equilibrium

is a recent example illustrating that anomalies do
not always result in abandonment of well-

supported ideas. Some scientists have always

thought that the geological record, although
replete with transitional fossils, was not as rich

as might be expected. This potential anomaly,

although not seen as such by all scientists, in no

way diminishes the idea that evolution has taken

place. Rather, accommodations were made

elsewhere to account for this apparent anomaly.

Punctuated equilibrium is in perfect accord with

biological evolution, and it accounts for what its

proponents believe are an insufficient number of
transitional fossils. Understanding the role of
anomalies in science is critical for students as

they examine the evidence for evolution, and as

they perform laboratory investigations.
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Summary

Too many students graduate without gaining a

sufficient understanding of biological evolution.

Evolution must be taught in order to accurately

portray modern biology and prepare students for

the future. Much of the resistance to evolution

education by students, parents and teachers can

be attributed to a poor understanding of the

nature of science.

I have argued elsewhere (Clough 1989) that

science teachers have a profound effect on

students' understanding of the nature of science
and thus are responsible for:

1. Expressing potential explicit and implicit
views of the nature of science portrayed in

science activities.

2. Modifying existing activities so that they

more adequately portray the nature of science.

3. Evaluating textbooks, audiovisual materials,

and other curriculum materials for their accuracy
in portraying the nature of science.
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4. Demarcating (using consensus views from
the social studies of science) science, nonscience

and pseudoscience.

5. Implementing correct historical examples

(where appropriate) that effectively convey a

more accurate portrayal of the nature of science.

The suggestions made here are important

because laboratory activities directed towards

illuminating biological evolution are only as
good as the teachers who implement them.

Model activities will be severely compromised

without exemplary teaching.

Genuine acceptance of evolutionary theory first

requires a functional understanding of the idea

of evolution, and this is preceded by an openness

to learning about it. Science teachers, by utiliz-

ing strategies described here, can increase their

students' understanding of the nature of science

and significantly improve their attitudes toward

evolution education. This will pave the way for

full engagement in all instruction devoted to one

of the most comprehensive frameworks created
by human intellect.
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II. EVIDENCES OF EVOLUTION

The idea that evolution has occurred is not intuitively obvious. However, as curious individuals

began to explore the natural world, a number of intriguing observations led to the inescapable

conclusion that all living things are related to each other. Evolution as an idea has roots that may

be traced to ancient Greece, and the evidence that has accumulated since that time in support of evolution

is abundant.

Many laboratory manuals include activities in which students compare fossils with living forms or where

they study, compare and contrast apparently unrelated organisms (such as starfish and humans) as evi-

dence of evolution. The two activities in this section provide additional opportunities for students to

visualize the principle of homology the presence of structures or biochemicals that developed from

those in a common ancestor and are now found within two distinct living forms. Homology is frequently

cited as support for the idea that evolution has indeed occurred.

In the first activity in this section, students can discover the relationship between plants of different

species by examining the nature of their shared biochemicals. In the second exercise, structural homology

is demonstrated as students look for commonalities in the anatomy of various vertebrates. In both cases,

evolution is the explanation for the existence of common structures and chemicals in otherwise unrelated

species.
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BIOCHEMICAL EVIDENCE FOR EVOLUTION

Based on an original activity by
Daniel J. Dyman

Thin layer chromatography (TLC) of plant

tissue extracts is used to compare the

degree of similarity of plants in the same

genus. The possibility of using plants with

relationships unknown to the students or of
exploring student-initiated lines of research are

also included.

Evolutionary Principles Illustrated

Biochemical homology

Naturalistic taxonomy

Introduction

Thin layer chromatography (TLC) is a technique

that can be conveniently used in the laboratory

to generate evidence supporting the principle

that degrees of biochemical similarity reflect

degrees of evolutionary relatedness among
organisms. When TLC is applied to the analysis

of tissue extracts of various organisms, it can be

shown that similarities among the extracts result

from an ancestral relationship.

Intended Audience

General biology

Advanced biology

Materials (for each student group)

leaves of several different species of plants in

the same genus, such as Erythronium (adder's
tongue, trout lily or dogtooth violet) or Trifo-
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lium (white, red, alsike or crimson clover)
(Note: Other genera of plants could be investi-

gated as part of this activity.)
methanol (extracting agent)

concentrated HCl [12m] (extracting agent)

5x11-cm glass plates or microscope slides

canning jar large enough to hold the glass

plate with lid

silica gel (14 g)
methanol-chloroform solution (20 ml)(3:7 v/v)

microliter syringe or 50111 microcapillary tube

needle or dissection probe

1 glass rod

labeling tape

Materials (to be shared by all class members)

125-m1 Erlenmeyer flask

drying oven

ultraviolet lamp (longwave)

distilled water (40 ml)

Safety Note

Although the required chemicals are found in

many school laboratories, several are flammable,

and the concentrated HCL is corrosive. Work
with supervision in a fume hood or well-venti-

lated room, with all flames extinguished. Read

and understand all safety instructions for the

proper handling of these substances.

Procedure

The organisms used in this biochemical investi-
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gation of evolution are Erythronium

americanum, E. albinum, Trifolium repens, T.

pratense, and T. arvense. Plants of these two
genera are used because of their common

occurrence and because students can easily

relate them morphologically. (It may be neces-

sary to secure these plants from a biological

supply company or locate them in the environ-

ment with the assistance of a field guide.)

Part I: Preparing the Plant Extracts

Collect the plants, excluding the roots, when

they are in flower. Wash the plants, superficially

dry them, place them between layers of newspa-

per, and air dry or oven dry them at 45°C or less.

Obtain plant-tissue extract by placing approxi-

mately 0.4 g of each of the air-dried plants in a

drying oven at 45°C for approximately 12 hours.

Pulverize the oven-dried plant tissues with a

glass stirring rod after placing them in small

glass vials. Add 2.5 ml of extracting agent, a

methanol-concentrated hydrochloric acid

solution (99:1 v/v), to each of the vials contain-

ing the pulverized plant tissue. Seal the vials and
place them in the dark at room temperature for

12 hours. The resulting plant-tissue extract may

be stored in a refrigerator for several days.

Part II: Preparing the Thin Layer
Chromatography Plates

Prepare the gel by placing 14 g of silica gel H
for TLC in a 125-m1 Erlenmeyer flask, adding

40 ml of distilled water, and swirling the gel-

water mixture. Tape the long edges of scrupu-
lously clean 5x11-cm glass plates with 1.2-cm

moisture-resistant labeling tape. The tape serves
as a gauge for limiting the thickness of the gel

layer to be distributed on the surface of the plate.

Prepare the plates any of the following ways:

Dip the glass plates into the gel-water mixture.

Spray the glass plates with gel-water mixture.
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Spread the gel-water mixture over the glass

plates. (The third method is suggested for this
investigation.)

Quickly pour approximately 2 ml of the mixture

onto each of the taped glass plates. Evenly

distribute ("strike off") the gel with a 1-cm
diameter glass rod. In distributing the silica gel,

an even layer is desirable. Carefully remove the

tape from the plates, and the allow the gel layer
to air-dry.

Regardless of the method used to coat the glass

plates with the gel layer, activate the plates by

placing them in a drying oven at 95-100° C for

30 minutes. Cool the plates to room temperature

before using. The activated plates may be stored

for several days if kept in a dry, dust-free
environment.

Part III: Applying the Plant Extract

Make a microcapillary tube by gently heating
the midregion of a pipette. As the pipette
is heated, draw the ends manually apart to

produce a narrow, constricted region. Then

break the pipette in the region of the constriction

to produce two microcapillary tubes, each

having a tiny internal diameter.

With the use of the microcapillary tube, make a

band across the narrow edge of the silica gel.

The band should be approximately 1.5 cm from

the bottom edge of the plate. Three applications

of the extract is ideal. An insufficient concentra-

tion of extract results in a separation that is not

readily apparent; an excessive concentration

results in an ill-defined separation. Label the

silica gel plates at the top by scratching into the

gel layer with a needle or a dissection probe.

Part IV: Developing the Plates

Develop the extract-spotted silica gel plates in a

chromatographic chamber, which may be a

24



Fig. 1. The chromatographic system is shown with a TLC

plate in the process of development. The developing
chamber is a canning jar with its lid reversed.

sophisticated commercial variety but could be a

1-pint canning jar. If a canning jar is used,

reverse the lid so that the rubber sealing ring is

up, since typical TLC solvents tend to dissolve

rubber.

The recommended chromatographic solvent is a

methanol-chloroform solution. The solvent is

added to the TLC developing chamber to a depth

of approximately 0.5 cm. Caution the students
that the solvent level must not exceed the level

of the extract band on the TLC plate. If the

solvent level touches the extract band, the

extract will dissolve into the solvent, and the

TLC plate will be ruined.

Place the extract-spotted plates in the developing

chamber containing the solvent, seal the cham-

ber, and develop the plate (Figure 1). Develop-

ment of a TLC plate takes about 20 minutes. The

solvent should be allowed to rise to a height of

approximately 9-10 cm.

Use a longwave ultraviolet lamp to visualize the

developed TLC plates. (Figures 2 and 3 show
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the results that can be expected.) The violet

bands that appear on the actual plates represent

free amino acids. The amino acids are less

significant than the secondary compounds as

indicators of evolutionary relatedness.

With regard to both the secondary compounds

and the free amino acids, students should

examine the TLC plates for similarities and

1

11=
Fig. 2. TLC plates of E. albinum (left) andE. americanum
(right) under ultraviolet light. The TLC plates reveal two
similar secondary compound bands having Rf values of
0.51 and 0.41, respectively. The photo has been slightly
retouched to bring out the chromatographic bands.

Fig. 3. TLC plates of T. repens (left), T. pratense (cen-
ter), and T. arvense (right) under ultraviolet light. The
TLC plates reveal thatT. repens andT. arvense have a
common secondary compound band with an Rf value of
0.50 and that T. pratense and T. arvense have a com-
mon secondary compound band with an Rf value of
0.26. A common secondary compound apparently does
not exist for the three Trifolium species used in this
study.
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Fig. 4. The nynhydrin-treated TLC plates of E. albinum
(left) and E. americanum (right) reveal at least two
common amino acid bands, which have Rf values of
0.27 and 0.11.

Fig. 5. The ninhydrin-treated TLC plates of T. repens
(left), T. pratense (center), andT. arvense (right) reveal
at least two common amino acid bands, which have Rf
values of 0.18 and 0.29.

differences of various bands. Color and location

of the various bands should be taken into

account. The degree of ancestral relatedness is

reflected by the degree of similarity represented

by the separation.

Calculate ratiotofront (Rf) values for each of
the bands. The formula used for this calculation

is the distance the band traveled divided by the

distance the solvent traveled. Rf values are

helpful in comparing location similarities that

may exist among the various bands. Similar

compounds have similar Rf values.

Discussion

The results of this investigation indicate that

Erythronium albinum and E. americanum are

more closely related to each other than to any of
the Trifolium species. Similarly, T. repens, T.

pratense and T. arvense are more closely related

26 Investigating Evolutionary Biology in the Laboratory

to each other than to either of the Erythronium
species (Figures 4 and 5).

Add an investigative character to this activity by

including an "unknown" plant extract. The

unknown can be any of the five plants used in
this lab activity or another closely related

species the students have not yet investigated.

Ask students to associate the unknown with its

apparent relative, or the unknown can be an

organism that is not morphologically similar to

any of the known organisms. Students can note

the obvious differences that exist among the

various group representatives and the unknown.

Reference

This activity is based on an original exercise by

D.J. Dyman (1974). Biochemical lab activity

supports evolution theory. The American Biol-

ogy Teacher, 36(6), 357-359, and is modified

and reprinted with permission of the publisher.
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EVIDENCES OF EVOLUTION THROUGH
COMPARATIVE ANATOMY

Based on an original activity by
Robert A. Co ler

The skeletal systems of various animals'

comparative anatomy are used here to

demonstrate evolutionary relationships

by providing evidence relating to morphological

adaptations in skeletal structures.

Evolutionary Principles Illustrated

Homology as evidence of evolution

Comparative anatomy

Introduction

This activity, which may be adjusted to suit

student ability, provides an opportunity for

students to label and keep track of a particular
structure as it is modified by evolutionary

forces. The idea that ancestral structures have
been reused in descendents is called homology.

Homology is one of the major pieces of evi-

dence in support of evolution.

Intended Audience

General biology

Advanced biology

Materials (for each student group)

fine-point permanent markers (5 colors)
tie-on tags (optional)

clear nail polish

skeletons of various animals in related classes,

such as a frog, lizard, bird, bat and human

anatomy guides for animals used in the lab
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Procedure

To demonstrate evolutionary trends in the

laboratory, number the homologous areas on

various skeletons with fine-point markers, using

a different color for bones, foramina (openings

in or passages through bones) and fossae (de-

pressed areas), and tuberosities (elevations or

bumps) and processes (prominences or projec-

tions). Cover the labels with clear nail polish to

prevent smudging. In the case of wet cartilagi-

nous skeletons of animals such as sharks, color
coded cloth laundry tags with piercing clamps
may be used. Tie-on tags may be used to avoid

permanent labeling if the skeletons are to be

used with various student groups.

Next, use the same numbers or names to label

homologous areas on the skeletons of related

animal groups. If a bone is found with no

homology in the other classes, give it a new

number or name. The resulting case study will

demonstrate the ways in which structures are

adapted for new purposes by natural selection.

Figure 1 is an example of this technique, com-

paring structures in the forelimbs of various

organisms. Here, students could be asked to
label the phalanges ("finger bones") of each
animal and note the changes that have occurred
through time.

In the more sophisticated example suggested by

Coler (1966), advanced students explore the
evolution of the primitive mandibular support
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Meta-
carpals

Turtle

Humerus
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Radius

Carpals

Metacarpals

Phalanges

Phalanges
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Humerus
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Cow
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carpals

Humerus

2

Bird

Carpals

Metacarpals

Phalanges

Metacarpals

Radius

Ulna

Carpals

Metacarpals

Phalanges

Sheep Cat

Radioulna

Carpals

Metacarpals

Phalanges

Horse

Humerus

Radius/
Ifi\

3 4

Human

Ulna

Carpals

Metacarpals

Phalanges

Fig.1. Comparative anatomy: Homologous bones in the forelimbs of several vertebrates.

system into elements of the sound detection

organ in more recent animals.

Students might trace the refinement in sensitiv-

ity to sound by labeling the hyomandibular bone
of the hyoid arch, which gave rise in the post

placoderms to the urodele eucolumella and the
reptilian paracolumella, which was also formed

from the quadrate and the mammalian stapes.
Similiarly, the quadrate and articular in am-
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phibians gave rise to the incus and malleus,

respectively, in mammals.

Reference

This exercise is modified from an activity by

R.A. Coler (1966). An evolutionary approach to

a comparative anatomy laboratory. The Ameri-

can Biology Teacher, 28(4), 305-6, and is

reprinted with permission of the publisher.

28



III. GENERAL EVOLUTIONARY

PRINCIPLES

/n addition to the formal aspect of the Darwin-Wallace model of evolution by natural selection, a

number of other issues are central to student understanding of this dynamic process. Two such items

are included in this section.

One of the most significant impediments to full comprehension of organic evolution is an appreciation of

the immense amount of time that has passed since the origin of life on Earth. During Darwin's day, one of

the central objections to the concept of evolution by natural selection was the widespread belief that the
Earth was only 6000 years old. Even today, many people still deny the antiquity of the planet and use that

issue as a way to reject evolution.

In an attempt to make the issue of geologic time more acceptable, one the activities in this section enables

students to construct a scale model of geologic time linked to markers of significant geologic, geochemi-

cal and biologic events. Taking a walk through geologic time will enable students to appreciate more fully

the vastness of time itself and to make conjectures about relationships between a variety of physical and

biological events.

The other activity presented here targets the idea of competitive exclusion the notion that one species

may be more successful in one environment than another and that the successful species will replace the

unsuccessful species if the two populations live together. This exercise shows students that fitness oper-

ates not only at the level of the individual but also at the level of the entire population. In the case pre-

sented here, one entire species is more or less fit than the other.

Investigating Evolutionary Biology in the Laboratory 29

29



HOW LONG IS A LONG TIME?
(Constructing a Scale Model of the Development of Life on Earth)

Based on an original activity by
William F. McComas

/n this activity, students construct a scale
model of geologic time and place markers

for significant biologic and geologic events

within the model. This exercise will allow

students to gain some perspective of the magni-

tude of geologic time that permits the evolution

of the wide variety of life forms that have

developed. This model will also provide the

opportunity to infer interrelationships between

biologic, geologic and chemical events.

Evolutionary Principles Illustrated

Geologic time

Major biologic, geologic and chemical events

Interrelationships between biologic, geologic

and chemical events

Introduction

The vast number of years that have passed since

the origin of the Earth have permitted a wide

variety of events to occur that are of interest to

scientists. Students will construct a scale model

permitting a leisurely stroll through an enormous

expanse of time reduced to the size of a football
field.

It is easy to say that the first living cells ap-

peared on Earth about 3.5 billion years ago, but

few can really visualize the size of a number as

large as 3.5 billion. To further complicate the

issue, it is practically impossible to illustrate the

expanse of geologic time to scale in a textbook

diagram since a division even as small as a
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centimeter used to represent one of the

geologic periods would result in a chart many

meters long.

For instance, on most textbook geologic time-

tables, it appears as if the Pleistocene epoch and

the Devonian period lasted the same length of

time because they take up the same amount of

space. In reality, the Devonian was almost 25

times longer than the Pleistocene. Such is the

problem of scale when billions of years are

reduced to a single page.

Intended Audience

Appropriate for all students

Materials (to be shared by all class members)

geologic timetable

chart showing significant biologic events

chart showing significant geologic events

65 or more 5x7-inch cards

metric tape measures (several per class)

black, green and red marking pens

cards on wooden stakes on which students

may draw or paste pictures of the various
significant events

Procedure

1. Decide on the length of the space in which

you will set up your scale model of geologic

time. The example here is based on a football

field that is 91.44 meters long.
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2. Calculate the scaling factor for your model
by referring to the sample calculation.

3. Use colored markers to label the 5x7 cards.
Label the geologic periods with the black

marker, the significant biologic events with the

green marker, and the geologic events with the

red marker.

4. Fold the 5x7 cards as indicated in Figure 1

below to form "tent" shapes. They will then

stand up by themselves on the ground.

DEVONIAN

+ Fold here

/ DEVONIAN

Fig. 1. Example of folded card.

5. Refer to the geologic time scale following

this activity (Tables la and lb) and use the
scaling factor to calculate the distance for

placing markers for the geologic periods.

6. As you calculate positions for the placement

of the markers, refer to the charts of the geologic

and atmospheric events (Tables 2a and 2b) and

the biologic events (Tables 3a, 3b).

7. Use the measuring tape to determine the
distance from the goal line for the placement of

each card.

8. You are now ready for a walk through an
accurate scale model of geologic time.

Discussion

A better understanding of geologic time and the

relationship between past events can be gained
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with the construction of an accurate three
dimensional scale model. In the model discussed

here, units of time will be represented by units

of distance. Markers placed at certain intervals,

corresponding to significant biologic and

geologic events, will make it possible to see

what events preceded others and how much time

or, in this case, distance passed between them. It

is also possible for students to infer causal links

between biologic and geologic events by visual-

izing them together.

In this model, the length of a football field is

used to represent the length of time that has

passed since the formation of the Earth. The

calculation below shows that 1 million years on

our model will be represented by a distance of

0.01988 m or 1.988 cm. A marker placed on the

far goal line of a football field to represent the

origin of the Earth would be 91.44 meters away,

representing 4600 million (4.6 billion) years.

91.44 meters/4600 million years = 0.01988
meters per million years (m/myrs)

This calculation will convert into meters the

number of years that have passed from any past

event. For instance, using the knowledge that

multicelled plants and animals arose about 700

million years ago, it is possible to determine the

proper placement for the marker as follows:

(700 million)(0.01988 m/myrs) = 13.92 meters

The marker for this event should be placed 13.92

meters from the time zero goal line, the one that

represents the present. The boundaries of the

geologic periods would be determined in exactly

the same manner. The Devonian period began

about 408 million years ago, or approximately

8.1 meters from the closest goal line.

With some of the more recent events, time

intervals are represented in units of less than one

meter. This is no problem in the metric system
since units can be easily converted from one into
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another a feat not so easily accomplished in

the English system of measurement. To use the

Pliocene epoch as an example, the marker would

be placed 0.1 m (10 cms) from the closest goal

since the Pliocene began only 5 million years

ago.

Once the markers are all in place, it will be

possible to "walk" through time from one end of

the football field to the other and discuss those

events and geologic periods in the order in

which they occurred and in the proper scale.

It is possible to adapt this idea to show the even

longer period of time since the development of

the universe itself, but the scale would have to

be recalculated to allow all the events to fit into

the football field. This may not be as effective,

since the event markers will now be much closer

together. This approach is best reserved for a

longer area.

Depending on the nature of the group, students

could work independently on the calculations or
the teacher could provide them. The list of

events could be made longer or shorter to suit
specific instructional purposes, and the marker

cards could be made by the students or prepared

in advance by the instructor. With younger or

less able students, it may be possible to commu-

nicate the point with just a few cards on the

scale model.
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Students should be encouraged to draw sign-
posts for the most interesting events. A picture
of a fish representing the Devonian attached to
the model or a dinosaur indicating the Creta-
ceous can make this quite a colorful activity

Two references that are strongly recommended
to help fill in the details for both students and
teachers are Life on Earth by David Atten-
borough (1979) and The Rise of Life by John
Reader (1986). These books are both well
written and contain beautiful illustrations to tell
the story of life's development in an engaging
and intelligent way. The chronological treatment
used makes both books quite useful for the
purposes of extending this activity.

For a visual representation of this approach you
might want to show a videotape of part of the
episode titled "One Voice in the Cosmic Fugue"
from Carl Sagan's Cosmos television series.

Reference

The activity presented here was a national award
winner in the Biology Laboratory Exchange
Program sponsored by Prentice Hall Educa-
tional Book Division, Englewood Cliffs, NJ.

This activity is based on an activity by W.F.
McComas (1988). How long is a long time? The
American Biology Teacher, 52(3), 161-167, and
is modified and reprinted with permission of the
publisher.
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Table la. Student Work Sheet/Geologic Timetable

ERA PERIOD EPOCH
BEGINNING

(Millions of

years ago)

DURATION

(Millions of

years ago)

NUMBER
OF

METERS

MAJOR EVENTS

.
tiJ
U

NN
o
Pia.)

U

Quaternary Recent Began 10,000 years ago Civilization spreads. Human beings are the
dominant form of life

Pleistocene
2 2

"The Ice Age." Modern human beings
present. Mammoths and other such animals
become extinct.

Tertiary
Pliocene 5 3

Fossil evidence of ancient human beings
near the end of the epoch. Many birds, mam-
mals, and sea life similar to modern types.
Climate cools.

Miocene 24 19 Many grazing animals. Flowering plants and
trees similar to modern types.

Oligocene 37 13
Fossil evidence of primitive apes. Elephants,
camels, and horses develop. Climate gener-
ally mild.

Eocene
58 21

Fossil evidence of a small horse. Grasslands
and forests present. Many small mammals
and larger mammals, such as primitive
whales, rhinoceroses, and monkeys.

Paleocene 67 9 Flowering plants and small mammals
abundant. Many different climates exist.

72
w

c..)

N

0.)

Cretaceous

144 77

First fossil evidence of flowering plants and
trees. Many small mammals. Dinosaurs are
extinct by the end of the period. Coal
swamps develop.

Jurassic 208 64 First fossil evidence of feathered birds and
mammals. Many dinosaurs roam the Earth.

Triassic
245 37

Beginning of the "Age of Dinosaurs." Insects
plentiful. Cone-bearing plants present.

V.
1.tJ

C.)

o
No
1
a.

Permian First evidence of seed plants. Fish, amphib-
ians and giant insects present.

Carboniferous
Pennsylvanian
Period 330 44

First evidence of reptiles. Many amphibians
and giant insects present. Many large fem
trees. Swamps cover many lowland areas.

Mississippian

Period
360 30

Devonian
408 48

"Age of Fish." First fossil evidence of
amphibians and insects. Many different
kinds of fish in the Earth's waters. The first
forests grow in swamps.

Silurian
438 30

First evidence of land plants. Algae, trilo-
bites, and armored fish plentiful. Coral reefs
form.

Ordovician 505 67 Fossil evidence of jawless fish. Algae and
trilobites plentiful. Great floods foyer most
of North America.

Cambrian
540 35

"Age of Invertebrates." Fossil evidence of
trilobites, clams, snails, and seaweed. Seas
spread across North America.

Precambrian Proterozoic

Era 4.6 billion Almost

4 billion

Fossil evidence of bacteria and algae. Earth
forms.

Archeozoic

Era
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Table lb. Student Work Sheet/Geologic Timetable Answer Key

ERA PERIOD EPOCH
BEGINNING

(Millions of

years ago)

DURATION

(Millions of

years ago)

NUMBER

OF

METERS

MAJOR EVENTS

cl
"

LL)p
NN0
c
4.)

C.)

Quaternary Recent Began I0,000 years ago 0.0002
Civilization spreads. Human beings are the
dominant form of life

Pleistocene
2 2 0.04

"The Ice Age." Modern human beings
present. Mammoths and other such animals
become extinct.

Tertiary
Pliocene 5 3 0.10

Fossil evidence of ancient human beings
near the end of the epoch. Many birds, mam-
mals, and sea life similar to modern types.
Climate cools.

M i ocene 24 19 0.4 Many grazing animals. Flowering plants and
trees similar to modern types.

Oligocene 37 13 0.72
Fossil evidence of primitive apes. Elephants,
camels, and horses develop. Climate gener-
ally mild.

Eocene
58 21 1.15

Fossil evidence of a small horse. Grasslands
and forests present. Many small mammals
and larger mammals, such as primitive
whales, rhinoceroses, and monkeys.

Paleocene 67 9 1.33 Flowering plants and small mammals
abundant. Many different climates exist.

ca
...

1.1.]

N
o

Cretaceous

144 77 2.86

First fossil evidence of flowering plants and
trees. Many small mammals. Dinosaurs are
extinct by the end of the period. Coal
swamps develop.

Jurassic 208 64 4.14 First fossil evidence of feathered birds and
mammals. Many dinosaurs roam the Earth.

Triassic 245 37 4.87
Beginning of the "Age of Dinosaurs." Insects
plentiful. Cone-bearing plants present.

is
u.)

'5
N
0
a)

"R
a,

Permian First evidence of seed plants. Fish, amphib-
ians and giant insects present.

Carboniferous
Pennsylvanian

Period 330 44 6.56
First evidence of reptiles. Many amphibians
and giant insects present. Many large fern
trees. Swamps cover many lowland areas.

Mississippian

Period
360 30 7.16

Devonian
408 48 8.11

"Age of Fish." First fossil evidence of
amphibians and insects. Many different
kinds of fish in the Earth's waters. The first
forests grow in swamps.

Silurian
438 30 8.71

First evidence of land plants. Algae, trilo-
bites, and armored fish plentiful. Coral reefs
form.

Ordovician 505 67 10.04
Fossil evidence of jawless fish. Algae and
trilobites plentiful. Great floods foyer most
of North America.

Cambrian

.

540 35 10.74
"Age of Invertebrates." Fossil evidence of
trilobites, clams, snails, and seaweed. Seas
spread across North America.

Precambrian Proterozoic

Era 4.6 billion Almost

4 billion
91.45

Fossil evidence of bacteria and algae. Earth
forms.

Archeozoic

Era

BEST COPY AVAILABLE
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Table 2a. Student Work Sheet/Geologic and Atmospheric Events

Event Millions of
Years Ago

Number of
Meters from
Closest Goal

Worldwide Glaciations (average) 1.6

Linking of North and South America with land bridge 5.7

Formation of the Himalaya Mountains 15

Collision of Indian and Asian Plates 35

Separation of Australia and Antarctica 50

Formation of the Alps 65

Formation of the Rocky Mountains 70

Opening of the Atlantic Ocean as the Eastern Hemisphere
splits from the West

100

Formation of Supercontinent Pangea II 200

Formation of coal deposits 340

Oxygen reaches 20% (present level) 380

Development of the Applachian Mountains 575

Breakup of the Early Supercontinent 580

Free oxygen reaches 2% in the atmosphere 600

Formation of the Early Supercontinent 1250

Free oxygen begins to build up 2500

Period of no free oxygen 3700

Oldest Earth rocks 3800

Origin of the Earth as a solid mass 4600
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Table 2b. Student Work SheeUGeologic and Atmospheric Events Answer Key

Event Millions of
Years Ago

Number of
Meters from
Closest Goal

Worldwide Glaciations (average) 1.6 0.032

Linking of North and South America with land bridge 5.7 0.113

Formation of the Himalaya Mountains 15 0.30

Collision of Indian and Asian Plates 35 0.70

Separation of Australia and Antarctica 50 0.99

Formation of the Alps 65 1.29

Formation of the Rocky Mountains 70 1.39

Opening of the Atlantic Ocean as the Eastern Hemisphere
splits from the West

100 1.99

Formation of Supercontinent Pangea II 200 3.98

Formation of coal deposits 340 6.76

Oxygen reaches 20% (present level) 380 7.55

Development of the Applachian Mountains 575 11.43

Breakup of the Early Supercontinent 580 11.53

Free oxygen reaches 2% in the atmosphere 600 11.93

Formation of the Early Supercontinent 1250 42.85

Free oxygen begins to build up 2500 49.70

Period of no free oxygen 3700 73.56

Oldest Earth rocks 3800 75.54

Origin of the Earth 4600 91.45
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Table 3a. Student Work Sheet/Biologic Events

Event Millions of
Years Ago

# of Mtrs from
Closest Goal

Anatomically Modern Humans (Homo sapiens) 0.05

Early Homo sapiens develop 0.3

Development of Homo erectus 1.2

Australopithecines and Homo habilis develop 3.2

Development of Early Primates 35

Extinction of the dinosaurs "Great Extinction" 65

Flowering Plants develop 140

Dinosaurs are abundant 175

First birds 180

First mammals 220

First dinosaurs 235

Rapid expansion of living things "Permian Explosion" 250

First reptiles 300

Development of the selfcontained egg 340

Tree appear 350

First amphibians 360

Insectlike creatures appear 400

Earliest fishes 500

Early shelled organisms 570

Marine invertebrates abundant 600

Multicelled plants and animals 700

Advanced single cells 1000

Development of eukaryotic cells 1400

Early algae (bluegreen) Gunflint formation 2200

First life (single celled prokaryotes) 3500
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Table 3b. Student Work Sheet/Biologic Events Answer Key

Event Millions of
Years Ago

# of Mtrs from
Closest Goal

Anatomically Modern Humans (Homo sapiens) 0.05 0.001

Early Homo sapiens develop 0.3 0.006

Development of Homo erectus 1.2 0.01

Australopithecines and Homo habilis develop 3.2 0.06

Development of Early Primates 35 1.29

Extinction of the dinosaurs "Great Extinction" 65 1.29

Flowering Plants develop 140 2.78

Dinosaurs are abundant 175 3.48

First birds 180 3.58

First mammals 220 4.37

First dinosaurs 235 4.67

Rapid expansion of living things "Permian Explosion" 250 4.97

First reptiles 300 5.96

Development of the selfcontained egg 340 6.76

Tree appear 350 6.96

First amphibians 360 7.16

Insectlike creatures appear 400 7.95

Earliest fishes 500 9.94

Early shelled organisms 570 11.34

Marine invertebrates abundant 600 11.93

Multicelled plants and animals 700 13.92

Advanced single cells 1000 19.88

Development of eukaryotic cells 1400 27.83

Early algae (bluegreen) Gunflint formation 2200 43.74

First life (single celled prokaryotes) 3500 69.58
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ILLUSTRATING THE PRINCIPLE OF THE FILTER BRIDGE

Based on an original activity by
Robert E. Collins and Richard W. Olsen

An explanation of the effect of competi-

tion and barriers on geographic distribu-

tion is provided. Also discussed are

examples of barriers to dispersal and filter

bridges that permit selected species to migrate

through.

Two sterile petri dishes are placed side by side

and joined by a bridge connecting both. One

dish contains agar medium with sugar, while the

other has a nonsugar medium. A mold, Aspergil-

lus niger, and a bacterium, Bacillus cereus, are

inoculated onto the sugaragar medium. In time,
the mold will crowd out the growth of the

bacterium because it is more highly adapted for

life in that environment. The bacteria will move

through the filter bridge onto the nonsugar

medium because it can use resources that the
mold cannot.

Evolutionary Principles Illustrated

Geographic distribution

Filter bridges

Competitive exclusion

Introduction

Throughout time, species dispersal has been

affected by barriers and what have been called

"filter bridges." These barriers and filters may
be either mechanical or ecological. Mechanical

barriers preventing dispersal of species are salt
water, fresh water, deserts, jungles and mountain

ranges. Ecological barriers could be lack of
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food, too many predators, or too much

interspecies competition.

The geographical or ecological entity that

represents a barrier for one species may be at the

same time a filter bridge for another species.

Filter bridges, in essence, are passageways that

allow only some species to cross. For example, a

desert is a mechanical barrier to a frog, a filter

bridge to a camel, and perhaps no barrier at all to
a bird.

Months or years are usually required to collect

adequate field data to visualize patterns of

species dispersal. The activity presented here

can be prepared in a few hours and provides a

living model using a bacterium and a fungus to

illustrate the effects of competition and barriers

on geographical distribution.

Intended Audience

General biology

Advanced biology

Materials (for each student group)

8 aluminum or enameled pans (34 cm x 25 cm
x 5 cm)

8 Pyrex® glass plates (cut to cover pans)

4 Erlenmeyer flasks (500 ml)
18 sterile, disposable petri dishes (15 mm x
100 mm)

stainless steel spatula

Bunsen burner
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masking tape (2.5-cm wide)

inoculating loop

agar (8 g)

peptone (2.5 g)

maltose (20 g)

beef extract (15 g)

Materials (to be shared by all class members)

Aspergillus niger culture

Bacillus cereus culture

autoclave

Procedure

Two media are required. Prepare Medium A by

combining 19 g agar, 5 g peptone, 20 g maltose,

and enough water to make 500 ml. Heat to

boiling to dissolve ingredients completely.

Transfer equal volumes to two (500 ml) Erlen-

meyer flasks and autoclave for 15 minutes at 15

lbs. to sterilize.

Prepare Medium B in the same manner by

combining 8 g agar, 2.5 g peptone, 15 g beef
extract, and enough water to make 500 ml. After

autoclaving both media, cool slightly. Prepare

petri plates by filling bottom halves to near

capacity using sterile technique. Prepare a

minimum of eight plates of Medium A and 12

plates of Medium B. Store agar plates in the

refrigerator until ready for inoculation.

Prepare aluminum pans and glass covers for use

by autoclaving for 15 minutes. Allow autoclave

to cool before opening. As the pans and glass

covers are removed, seal a glass cover to the top

of each pan with masking tape to help maintain

sterile conditions. Store pans at room tempera-

ture until ready for inoculation.

Sterilize the spatula in a Bunsen burner flame.

Use sterile technique to transfer solidified agar

from petri plates to a sterile pan and position as

shown in Figure 1. With a sterile spatula, cut a

2x4-cm bridge of Medium B and position it
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tightly between the agar plates as shown in the

figure. Two bridges can be taken from one plate.

Fig. 1. Agar plates are positioned in an aluminum pan
to construct the model.

Inoculate Medium A in the pan with Aspergillus

agar approximately 2.5 cm below the upper

border (12 o'clock, when plate is viewed as a
clock face) and with Bacillus cereus approxi-

mately 2.5 cm above the lower border (6

o'clock) of Medium A. Seal the glass plate to

the pan and incubate in the dark at 25° C.

Discussion

Within two days after inoculation, both the mold

and bacteria should show a distinct growth on

Medium A. After four days, the mold begins to

crowd out the bacteria. By the 10th day, the

bacteria have crossed the bridge and are estab-

lishing themselves on Medium B. After 14 days,

only mold is observable on Medium A and only

bacteria on Medium B.

This growth progression is best observed on a

daily basis; however, daily observations are not

always possible. To circumvent this or to

accommodate student observations over a five

day per week schedule, compare and inoculate

eight pans on a staggered schedule and display

three pans each day to demonstrate key stages in
the growth progression. It is possible to get the

stages needed for a five-day display schedule by
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inoculating one pan 18, 14, 12, 6, 5, 4, 3, and 2

days prior to the last day of the intended display

period. It is useful to label the glass pan covers

and display mounted pictures to clarify the

principle (Figure 2 below).

WITH SUGAR NO SUGAR

MOLD

BACTERIA

SIDE A SIDE B

Fig. 2. The glass pan covers are labeled to clarify the
model.

The model may represent two continents and a

connecting bridge, such as North and South

America with Central America between. The

mold has competitive advantage on "Continent
A," which is a sugar (maltose) medium; its long

hyphae crowd out the bacteria and deprive them
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of needed nutrients. The bacteria, however, are

able to survive because they escape across the

protein (beef extract) medium bridge and

establish themselves on "Continent B." Sugar is

essential for mold's growth but is not essential to
the growth of the bacteria. Thus, the bridge of

protein medium is a barrier to the dispersal of
the mold but is a filter bridge to the survival and

dispersal of the bacteria.

With this model, students should have less

difficulty understanding the idea that a species
that is the most competitive in one environment

may be the least competitive in another. In

addition, a species that is the least competitive in

one environment may be the most competitive in

another; that is, the species most fit for survival

(or dispersal) is always evaluated with reference

to a particular environment.

Reference

This activity is based on an exercise by R.E.

Collins and R.W. Olsen (1974). Filter bridges

illustrate an evolutionary principle. The Ameri-
can Biology Teacher, 36(8), 474-475, 511, and

is modified and reprinted with permission of the

publisher.
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IV. VARIATION WITHIN THE SPECIES

This chapter features several activities designed to help students understand that variation within the

species is the raw material of evolution by natural selection. In spite of the fact that neither Darwin

nor Wallace could explain the source of the variation, both recognized that something in the

physical, behavioral or biochemical design of some members of a population permitted success; while

others failed to survive.

Darwin viewed the variation within the population to be so important that he included an extensive

evaluation of the diversity found in pigeons in his book, The Origin of the Species. Darwin reasoned that,

if pigeon breeders could produce countless varieties intentionally in just a few years by selecting desirable

traits from the normal variation within the pigeon population, nature could be capable of almost anything

over millennia.

Activities here target the basic concept that, although there is normal variation within natural populations,

sometimes one must look for it. The first exercise takes place at the zoo, where students examine groups

of animals for subtle variations while they hypothesize about why some groups of traits are common in

animals living in the same environment.

A second activity provides instructions for students to examine variation at a higher level by studying

different, closely-related species of fruit flies. The unique aspect of this procedure is that students are able

to gauge the amount of variation after speciation has already occurred.

The final activity in this section provides several examples of variation to investigate in the human

species, for example, as humans are not permitted or denied reproduction based solely on their sets of

individual traits.
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ILLUSTRATING VARIATION AND ADAPTATION AT THE ZOO

Based on an original activity by
William F. McComas

During a visit to the zoo, students investi-

gate variation within a species and have

an opportunity to visualize the link

between physical characteristics possessed by

organisms and the environment they inhabit.

Evolutionary Principles Illustrated

Variation within a species
Adaptations

Convergent evolution

Predicting future evolutionary trends

Introduction

The accompanying work sheets each target a

major principle pertaining to evolution by

natural selection. The work sheets have not been

designed to discuss fully or explain evolutionary

theory but to foster classroom discussion by

providing exciting illustrations of the principles

involved. The individual sections may be

modified for specific student groups or may be

used independently of each other.

One major consideration relative to the potential

success of this activity is the size and diversity

of the collection at the zoo itself. It is very

important that the zoo have a large variety of

animals, preferably from different geographic

areas, with at least three representatives of each

animal to be investigated. This may become

easier with the new emphasis in zoos toward

having more examples of each species but fewer
total species.

For the first activity, it would be possible to use

farm animals or the resources of a large local pet
store or animal shelter. This laboratory may also

be performed with plants found at an arboretum
or large nursery to illustrate that evolution is a

unifying concept in all of biology, not just in the
animal kingdom.

Students should be reminded that this activity

primarily illustrates aspects of the Darwinian
view of evolution by natural selection but that
competing or modifying views such as
punctuated equilibrium do exist. Despite the
fact that science is still trying to establish the

best explanation for the process of change

through time, no one seriously questions the

notion that change has indeed occurred.

Intended Audience

Appropriate for all students

Materials (for each student group)

photocopy of each work sheet (see pp. 48-50)

Procedure

Part I: Variation Within a Species

This first section is designed to illustrate the

principle of variation within a species. Students
are given the opportunity to study a particular
type of organism and establish that even organ-

isms of the same species will show some varia-
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tion within that species. Generally, physical
characteristics are considered by students to be

the principal factors that enable some individu-

als to survive, but there are also differences in

physiology, behavior and reproductive success.
Although these factors may not be as apparent to

the casual observer, they play just as big a role

in the process.

Each student should choose a different animal

species on exhibit at the zoo. These animals are

studied as a group; therefore, several representa-
tives of the animal should be available. A quick

look at the individual animals may reveal
nothing special, but a more detailed examination

of many individuals will quickly reveal subtle

differences among them.

Attention should be paid in this section to sexual

differences within a species. The students should

be aware that, in those species where such
differences are common, they should examine a

variety of animals of the same species and of the

same sex. Sexual differences can, of course, be

an interesting discussion topic. Additional

differences that might confuse students include

those such as size and other agerelated factors.

Part II: Adaptation to the Environment

Next, the students will examine in detail the

environment in which the animal lives naturally.

The student will try to see what characteristics

seem to allow the animal to fit well into that
setting. This exercise is not meant to imply that

there is a single perfect form for a species in any

situation. The form that finally arises as being
best suited is defined in terms of the other types

that are in competition within the population.

Part III: Convergent Evolution

In this section, students are asked to find another

animal that shares a similar environment with

the animal selected in the section addressing
variation within a species. In this case, the
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environment can be a large physical environ-

ment (i.e., desert, forest, grassland, etc.) or a

smaller scale nutritional environment (i.e., seed

eaters versus fruit eaters in the same general

area).

This section is designed to lead to an illustration

of convergent and divergent evolution. In its

most general form, convergent evolution is a

trend that produces similarities between unre-

lated forms because they share a common

environment. Whales and fish both have fin-like

structures permitting movement within their
watery environment, but this alone is not a

suggestion that the two animals are closely

related.

Pressure from the environment has dictated that,

in order to be a contender within a given envi-

ronment, animals living there must share many

common tools. Organisms coexisting in a given

environment will often have a number of

characteristics in common as a result of the

processes of change working on both popula-

tions at the same time. This concept of shared

traits due to living in a similar environment is

called analogy.

Some students may be lucky enough to have

found two organisms that live in similar environ-

ments in different parts of the world. An ex-

ample using animals that may be familiar to

students would be the gerbil and the kangaroo

rat. Both of these rodents live in the same type

of desert environment, but the gerbil is native to

the dry, sandy areas of Africa and Asia, while

the kangaroo rat is found only in the deserts of

North America. These animals resemble each

other in a number of ways and have almost
identical food requirements. If they lived in the

same area, they would likely be in direct compe-

tition for resources.

It would be an interesting project to concentrate

on the differences between the two rodents and

see how each is fine tuned for its specific
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environment. This would take some research,

but from this information it might be possible to
predict which animal would survive if both lived

together in either the southwest desert of North

America or in Asia.

In another example, the student might choose

the deer and the kangaroo. Both have very

similar nutritional requirements and, upon close

inspection, are seen to have almost identical

construction of their skulls and teeth. The head

of a kangaroo and the head of a deer are very

much the same, not because of close relationship

but as a result of convergent evolution. Deer, of

course, are placental mammals and carry their

young inside their bodies until birth, while the

marsupial kangaroos raise their young primarily

in an external pouch. There are many other

examples of placental mammals and their

marsupial counterparts that students may

discover.

Examples such as these show why an introduced
species may effectively outcompete the native

occupant of an environment. The transplanted or

introduced organism may find itself well suited

for the new environment but lacking the popula-

tion controls provided by its own natural en-
emies.

Part IV: Predicting Future Evolutionary Trends

Finally, the students are asked to imagine what

changes evolution might cause in a group of
animals if their present environment slowly

changed. This part of the exercise represents a
simplistic view of a complex process but is

useful in encouraging students to apply what

they have learned. Furthermore, it may be
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possible to discern more about the students'
understanding of evolution from this creative
exercise than any number of typical objective
test questions.

Students should keep in mind that, even if a
small group of individuals in a population

possesses an advantageous characteristic, this

characteristic may not be easily passed on to the

next generation. This concept of heritability is

poorly understood but is central to any discus-
sion of future evolutionary ends.

With these cautions in mind, we could suppose
that a desert environment becomes a woodland

over a long period of time. Students might

logically predict that desert toads which already

have a slight green coloration might be "se-

lected" by the environment since they would be

more effectively hidden in the green of the

forest. At the same time, tan-colored animals

might not be able to hide as effectively and
would be removed by predators.

Teachers may find it useful to consult the book

After Man by Dixon (1981). This fascinating

book makes predictions of what future creatures

may look like based upon the present evolution-

ary trends coupled with projections of the

pattern of continental drift.

Reference

This activity is based on an earlier exercise by

W.F. McComas (1988). Variation, adaptation

and evolution at the zoo. The American Biology

Teacher, 50(6), 379-383, and is modified and
reprinted with permission of the publisher.

Investigating Evolutionary Biology in the Laboratory 47



Evidences of Variation, Adaptation and Evolution at the Zoo
Student Work Sheet

Part I Variation Within a Species

1. Choose an animal in the zoo that is represented by at least three (3) different individual specimens. WRITE the

common and scientific names of the animals on the lines below:

Animal A

common name scientific name

2. What is the specific location of the animal in the zoo?

3. Examine your animals in detail and LIST as many individual differences as possible for the species in question.

Example: Hair (long, short, or medium); Light brown vs. Dark brown fur color, etc.

Characteristic Variation seen within the species

a.

b.

c.

d.

e.

f.

4. DISCUSS the role of variation within a species in the process of evolution by natural selection.

Part II Adaptation to the Environment

In this section, you are to examine the environment in which the animal you have chosen naturally lives. Try to see

what general characteristics make the animal fit well into that setting and suggest what other characteristics, if

present, would make the animal less well adapted to that particular environment.

5. WRITE a short paragraph which discusses the environment in which the type of animal you have chosen lives.

Be very specific. Note you may need to do some additional research here!

6. SELECT and LIST those characteristics which you believe will help the animal fits into its environment. Ex-

ample: Long fur to help the animal stay warm in cold temperatures, etc.

Characteristic Why does the characteristic help the animal fit into its environment?

a.

b.

c.

d.

e.

f.
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7. LIST a few general characteristics that would make the animal poorly suited to its normal environment.

Characteristic Why would this characteristic be harmful?

a.

b.

c.

8. In the space below, DISCUSS the advantages and disadvantages of having particular characteristics in relation to
the process of evolution by natural selection.

Part IHA Convergent Evolution Due to a Shared Environment

In this section, you are to find another animal that lives in the same type of environment as Animal A. Note The
two animals chosen may both live in the desert, but they do not necessarily have to live in the same desert.

9. CHOOSE a new animal which lives in the SAME type of environment as "Animal A." WRITE the common and

scientific names of the animal on the lines below:

Animal B

common name scientific name

10. What is the specific location of the animal in the zoo?

11. EXAMINE "Animal B" and LIST the characteristics that it has in common with the organism you chose at the

beginning (Animal A).

Both animals have:

a.

b.

c.

12. DEFINE and DISCUSS the term Convergent Evolution.

d.

e.

f.

13. Why do you think two animals that share a common environment have so many characteristics in common?
How could this similarity have occurred?

14. What do you think might happen if the two animals you have identified lived in not only the same type of

environment but also in the same area?

Part IIIB Divergent Evolution Due to Geographic Separation

15. To further illustrate the idea of convergent evolution, IDENTIFY yet another animal that shares a high percent-

age of the same characteristics with "Animal A." WRITE the common and scientific names of this new animal on
the lines on the next page:
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Animal C

common name scientific name

16. What is the specific location of the animal in the zoo?

17. EXAMINE this animal and LIST the characteristics that it shares with the organism you chose at the beginning.

a. d.

b. e.

c. f.

18. STATE and DISCUSS the relationships, if any, between the two organisms that you have identified. Relation-
ships include predator-prey, competitors, helpers (mutualism/symbiosis), amensalism (no relationship), etc.

19. DEFINE and DISCUSS the term Divergent Evolution.

Part IV Future Evolution

Finally, go back to the animal you chose first (Animal A) and try to imagine what evolution would do to this animal

if its environment slowly changed toward one quite different from that seen at present. For example, you might

examine an animal in a desert environment and predict what would happen to it evolutionarily if the environment
slowly became more like a woodland.

20. RESTATE the common name of "Animal A" and the type of environment in which it now lives.

21. Suppose that for some reason the animal's normal environment slowly changes, CHOOSE a new environment
into which the old one will change. DESCRIBE this new environment. Specifically, what will be different about it?

22. Choose eight (8) characteristics seen in the animal at present and show how those characteristics will have to

change (if they must) as the environment changes in order for the species to survive. Example, if a woodland slowly

becomes a desert, the green coloration of a species toad might shift to brown so that it could hide more effectively.

Present Characteristic Future Characteristic Reason

a.

b.

c.

d.

e.

f.

g.
h.

23. Do you think that the animal in question will be able to live in the new environment proposed for it? To help

you answer the question, think about the normal variation within the species. Do any of the individuals that you have
observed have any of the characteristics that would enable it to survive and reproduce as the environment changes?
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A SPECIES APPROACH TO EVOLUTION EDUCATION

Based on an original activity by
Dorothy B. Rosenthal

0 ne approach to studying evolution is the
investigation of species within a single

genus. Through this approach, students

can observe and appreciate the tiny but real

differences that are the raw material of evolution

by natural selection. This strategy focuses not

only on the final results of evolution but also has

the advantage of showing students the small,

intermediate steps that must occur in the early

stages of evolution by natural selection.

Evolutionary Principles Illustrated

Diversity and variation

Reproductive isolation

Introduction

Members of the genus Drosophila may be used

to demonstrate a number of aspects of evolution

theory. Drosophila are ideal for this purpose

because many species are available and are

easily reared in the laboratory. Through the

species approach to evolution education students

can learn that:

Diversity is found at the genus level as well as

at higher, more obvious taxons.

Evolution occurs in small steps.

Reproductive isolation is a significant factor in

speciation.

Species are usually, but not always, morpho-

logically distinct.
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Organisms that do not interbreed in nature to
produce fertile offspring are in different
species, no matter how similar they may

appear.

Different species are adapted to different

ecological niches.

This laboratory exercise enables students to

learn worthwhile techniques, such as preparing

insects for a collection, making permanent
whole-mounts of insects, writing a species

description, constructing a dichotomous key, and

maintaining fruit flies under laboratory condi-

tions. In addition, students may investigate the

life cycle of a holometabolous insect, the

morphology of insects in general, the importance

of objective and quantitative descriptions of

observations, and the significance of details

related to those observations.

Intended Audience

General biology

Advanced biology

Materials (for each student group)

cultures of Drosophila virilis, D.

melanogaster, D. mojavensis, D.

pseudoobscura and D. persimilis

ethyl alcohol (10 ml)

mounting pins (40)

small flyrearing vials (10)
foam plugs
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Drosophila media, food and antimite paper
xylene

piccolyte mounting fluid

Procedure

The laboratory project outlined here is designed

for a month of laboratory work by an advanced

placement biology class (two 90minute periods
per week) or, with some modification, by

students in a general biology course. Students

are divided into teams of four, and each team is

given cultures of one of the following species of

Drosophila: D. virilis, D. melanogaster, D.
mojavensis and D. pseudoobscura (and its

sibling species, D. persimilis). Cultures may be

obtained from scientific supply companies.

The stock cultures should be maintained by the

instructor, but each group should be responsible

for maintaining cultures of their own species and

observing stages in the life cycle. Cultures are
kept at room temperature in ambient light in

plastic vials with foam plugs and antimite paper

using standard techniques.

Initially, all five species are just "fruit flies" to
the students, but as the flies are examined more

closely, students will find that all, except D.

pseudoobscura and D. persimilis, are quite
distinctive. Drosophila pseudoobscura and D.
persimilis are sibling species, indistinguishable

on the basic of gross morphology alone. The

differences to be noted in these sibling species

include indistinct aspects of behavior, chromo-

some arrangement and habitat (Dobzhansky &

Epling 1944; Prakash 1977). The process of
learning to recognize the four morphological

groups of flies is a valuable experience in

observation.

After the students learn to recognize the flies

easily, they should be given one or more of the
following assignments:

Preservation of specimens for later study.
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Description of their own species, using

accepted scientific terminology and quantita-

tive characters whenever possible.

Development of a key for the species under
study.

Experimentation with breeding and competi-
tion.

A) Preservation of Specimens

Students are asked to preserve their specimens

using an appropriate method, such as on dry

insect mounts, storage in 75% alcohol, or in

permanent whole mounts on microscope slides.

For the dry mounts, flies dispatched in a

killing jar are mounted on entomological

"points," labeled, and pinned to the bottom of
the box.

Specimens are easily preserved in 75%

alcohol, placed in tightly closed vials, and

saved for future observation.

Flies are prepared for permanent mounts by

first dehydrating them in 95% and 5% alcohol

and then clearing in xylene. The flies are then

mounted in piccolyte, using regular or depres-

siontype slides.

B) Species Descriptions

Each student is provided drawings and anatomi-

cal information on insects in general through

sources such as Borror and White (1970) and for

Drosophila melanogaster in particular
(Sturtevant 1921). Students are also provided

with an outline of the significant anatomical

features of D. melanogaster. With this material

and their preserved specimens, the students are

then asked to write a description of their own

species using scientific terminology, measure-
ments and illustrations.

Although the work is somewhat painstaking,
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students gain insight into both the degree of

attention to detail and the rigor that is the basis

for much scientific research. Because of the

amount of work involved, team members found
it useful to specialize in the different regions of

the fly's body. Each team produced a paragraph

or two describing its own species, along with a
number of drawings. These descriptions could

then be compared with standard descriptions of

each species such as may be found in Sturtevant

(1921), Patterson and Wheeler (1942), or

Dobzhansky and Epling (1944).

C) Constructing a Key

In the process of describing its own species,

each team will find it necessary to borrow

specimens from the other groups for compari-

son. When all of the species descriptions are

complete, it will be possible for the class as a

whole to construct a dichotomous key to the

species. Models of taxonomic keys are available

in a number of sources.

D) Breeding and Competition Experiments

The experience the students gained in maintain-

ing stock cultures is sufficient to permit them to

carry out breeding and competition experiments.

The breeding experiments consist of placing

males of one species and females of a second

species in a single culture vial (with the recipro-

cal cross in another vial) and observing the

behavior and reproduction (or lack of parents

from the sibling species, not their offspring

[Dobzhansky & Epling 1944]). By contrast,

mutant forms of one species (D. melanogaster)

can be used to demonstrate that some obvious
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differences, such as eye color, are not isolating
mechanisms.

For the competition experiments, known num-

bers of two or more species are placed in a

suitable Drosophila habitat and allowed to

reproduce. At the end of the experiment, repro-

ductive success can be measured by counting the

number of each species.

A similar study of evolution within a genus has

been described for "windbearing" desert forms
of the genus Haworthia. Examples of these

plants can be arranged to show a series of

progressive modifications adapted to areas of
drifting sands. Similar adaptations (conver-

gence) are found in other genera of lilies, such

as the Aloe and Gasteria (Newcomb, Gerloff &

Whittingham 1964).
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DEMONSTRATING VARIATION WITHIN THE SPECIES

Based on an original activity by
D.H. Keown

Through this exercise, biology students

can realize the variability that exists in a

population by carrying out several

simple, fun classroom activities.

Evolutionary Principles Illustrated

Genetic variation

Introduction

The definition of evolution is sometimes given

as "change in the genetic makeup of a popula-

tion over a period of time." This definition is not

without criticism, for it is the total organism,

with all of its systems and behaviors, that passes

on the genetic code. Nonetheless, the definition

is applicable to most organisms. It is the genetic
blueprint that expresses the anatomy, physiology

and behavior of the organism. Knowledge of the

genetic material is important to an understanding

of evolution.

Genetics instruction always precedes the expla-

nation of evolutionary processes, but the ties that

bind the mechanics of genetics to the process of
evolution are often presented without proper

emphasis. For instance, it is at the time of
synapsis that the variability made possible by

sexual reproduction is accomplished.

Synapsis is the time of mixing of the genes with

the population's gene pool. Without this mixing,
the variability of offspring is limited to muta-

tions and chromosomal aberrations, the only
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factors creating variability in asexual reproduc-

tion.

The argument can be made that Darwin discov-

ered the mechanism of evolution without a

knowledge of genetics, even before Mendel's

laws were known. Though he was not familiar
with genes, mutations or DNA, he was well

aware of the variability of offspring in sexual

reproduction. The activities presented here will

help to exemplify the variation that is the

material of evolution.

Intended Audience

Life science

General biology

Materials (for each student group)

seeds for dihybrid crosses

5x8-inch index cards

cloth tape measure (any length)

Procedure

The following ideas are provided as suggestions
to help students visualize variation within the

species. Teachers may wish to use one or more

of these activities.

A) Students can propagate flowers, such as
geraniums, vegetatively to see the lack of

diversity in the offspring. They may also con-

trast this sameness with plants produced from
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crossing hybrids. Seeds from hybrid crosses are

available from biological supply houses.

B) Analysis of a litter of kittens or puppies
illustrates the variability in mammals quite well.

Students may analyze "personality" characteris-

tics height, weight, color, tail length and

behavior, for example.

C) Humans may also be used to illustrate
variation within the species, although it is

important to point out that survival of individual

humans is determined much less by these

physical characteristics than for organisms

exposed to pressures in the natural world.

The variability of features expressed by a

population of humans in a biology class is

interesting and may show the nonuniformity

that natural selection might work upon if we

were a natural existing species. Hand shapes

can be analyzed by having the students trace

the outlines of their hands on paper. Post the

papers on the wall and compare them.

Another activity shows reaction time among

students. From a uniform height, drop a 5x8

file card between the outspread thumb and

index finger of each student while he/she tries

to grab the card. Make a mark on the card at

the point where each student catches the card.

Illustrate the varying ability to memorize by
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giving each student a verse of an obscure

poem that none of the students has seen. Place

it facedown on their desks and have them all

turn it over at the same time and begin to

memorize the verse. Tell them to raise their

hands as soon as they have the verse memo-

rized and record the times.

Care has to be exercised in these activities to

see that students with slow reaction time or

poor memorization skills are not embarrassed.

One way to do this is to make the process a

team event so that groups of two students

work together to memorize the passages.

You may also try using such features as head

circumference, foot length, and other morpho-

logical features that are mainly genetically

controlled to show the variation in the class-

room population. With a large enough sample,
the classic bell-shaped curve will result if the

data for one of these characteristics are

graphed.

Reference

These activities are modified from an article by

D. Keown (1988). Teaching evolution: Im-

proved approaches for unprepared students. The

American Biology Teacher, 50(7), 407-410, and

are modified and reprinted with permission of

the publisher.
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V. BIOTIC POTENTIAL AND SURVIVAL

Darwin and Wallace both read Thomas Malthus' book, An Essay on the Principle of Population,

and referred to its central idea in their similar theories of evolution by natural selection. Malthus

stated that "populations increase geometrically, but food supplies increase only arithmetically."

Although he was speaking about humans, Malthus made a valid point about all populations; they grow

very quickly and soon outpace available food sources. From this conclusion, Wallace and Darwin inferred

that natural populations would always produce offspring in excess of what the environment could support.

As a consequence, there would be a struggle for survival that would be won only by the best suited

individuals. Those individuals surviving would, of course, be the ones permitted by nature to reproduce,

moving the traits that made them successful into the next generation.

Without overproduction, there would be no such competition and resulting natural selection. The activi-

ties presented in this section all demonstrate, either with simulation or by examination of real populations,

the concepts of overproduction and competition.
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THE ARITHMETIC OF EVOLUTION

Based on an original activity by
Roxie Ester le

These activities serve to acquaint students

with the notion that organisms have the

ability to reproduce vast numbers of

offspring. This overproduction helps insure the

survival of the species but also sets in motion a

competition for survival between the offspring.

Evolutionary Principles Illustrated

Overproduction

Geometric growth of species

Biotic potential

Introduction

A major influence on both Darwin and Wallace

was the work of Thomas Malthus, an English

clergyman and economist. Malthus was able to

show that the population of English colonies in

America had doubled every 25 years from 1643

to 1760. Malthus concluded that there would be

a "struggle for survival" between those who had

sufficient resources and those who did not. In an

amazing coincidence, Darwin and Wallace both

applied this idea of a "struggle for survival" to

their theories of evolution by natural selection.

Intended Audience

Appropriate for all students

Materials (for each student group)

world population data table

"Arithmetic of Evolution" data table (p. 62)

graph paper (semi-logarithmic optional)

various types of plants and fruits for dissection

natural history reference books

Procedure

The examples provided below are all good ways

to illustrate the concept of overproduction.

Teachers should use the most appropriate

examples with their students.

Part I: Species Growth Potential in Plants

Have students dissect an assortment of plants

and count the number of seeds, on average, in

each. Examples might include seeds from

apples, tomatoes, pears or pine cones. Using an

appropriate reference book, students can deter-

mine the average number of fruits per adult

plant. If one assumes that all of the seeds from a

given tree germinate, it is a simple task to

calculate how many offspring will be produced

by a single plant in one growing season. Of

course, one can then calculate how many

offspring a given plant will produce in a life-

time.

Botanical Examples for Discussion (Otto &

Towle 1973, p. 207):

A single fern plant produces 50,000,000

spores per year.

A mustard plant produces 730,000 seeds. If

they all matured, the adult plants would cover
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an area 2000 times the land surface of the

Earth in just two years.

Part II: Species Growth Potential in Animals

Using an appropriate reference book, students

can compare the average litter size of various

animals. As in the plant activity, if one assumes

that all of the offspring survive and live indefi-

nitely, the total number of offspring per adult

can be determined. For example, students can

calculate mouse population growth based on

four offspring per litter, 21 days of gestation, 21

days to sexual maturity, and a lifespan of about

one year.

Zoological Examples for Discussion (adapted
from Otto & Towle 1973, p. 207):

An oyster produces 114,000,000 eggs at a

single spawning. In five generations, there

would be more oysters than the estimated

number of elections in the visible universe.

Although an elephant produces only six young

per lifetime, if all of these offspring lived, in

750 years 19,000,000 elephants would be

produced from the first mated pair.

A sea hare (a marine annelid worm) produces

14 billion eggs during its lifetime. If all hatch

and mature, the Earth would be many feet

deep in sea hares in a few generations. In

actuality, only five offspring from each

generation ever reach maturity.

Part III: Human Population Growth

On a piece of graph paper, label the X axis

"Time" and the Y axis "Population" and graph
the population data shown in Table 1 in the next
column.

If students are asked to graph these data on

standard graph paper, a "J" shaped curve will

result. This type of growth pattern is typical in
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populations increasing at a logarithmic rate. It

might be interesting to have students graph the

same data on semi-logarithmic paper. In doing

so, they will produce a straight line because one

axis of the graph marks changes at a rate 10

times the others.

Table 1. Estimated World Population.

Year Population

1750 760,000,000
1760 803,000,000

1770 848,000,000

1780 896,000,000
1790 947,000,000
1800 1,000,000,000

1810 1,039,000,000

1820 1,080,000,000

1830 1,122,000,000

1840 1,165,000,000

1850 1,211,000,000

1860 1,258,000,000
1870 1,363,000,000
1890 1,534,000,000

1900 1,628,000,000

1910 1,741,000,000

1920 1,861,000,000

1930 2,070,000,000

1940 2,296,000,000
1950 2,517,000,000
1960 3,019,000,000
1970 3,698,000,000
1980 4,448,000,000
1990 5,292,000,000
2000 6,261,000,000

Sample Discussion Questions

1. If the population of the United States contin-

ues to grow at the present rate, what will be the

total in the year 2000?

2. What resources in the United States are likely
to limit population growth?



3. What factors have influenced the population

growth in the United States? List these factors

and explain the influence of each factor.

4. Is "natural selection" in the Wallace/Darwin
sense working in any human populations?

Provide support for your answer.

5. Has our birth rate changed? If so, why?

Reference

This previously unpublished activity, titled The

Arithmetic of Evolution, was contributed by

Roxie Esterle, a science consultant specializing
in evolution education.
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"The Arithmetic of Evolution"
Data Sheet

Plants

1. Name of the flower or plant.

2. Locate the number of seeds and count the number per flower or plant

3. Count or estimate the number of flowers per plant.

4. How many times per year does the plant produce seed?

5. What is the total number of potential offspring per year?

(Space for calculations)

6. If all of the offspring were to survive and reproduce one time. approximately how many would there
be?
(Space for calculations)

Animals

1. Name of animal

2. Number of offspring per litter

3. Number of litters per lifetime.

4. Generation time (time from birth to reproductive maturity).

5. If all of the offspring were to survive and reproduce one time, approximately how many would there
be?
(Space for calculations)
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DEMONSTRATING BIOTIC POTENTIAL

Based on an original activity by
D.H. Keown

Students use fishing worms (red wigglers)

to study popoulation dynamics. Students

can count and graph worm numbers on a

daily basis to visualize population growth.

Evolutionary Principles Illustrated

Competition

Overproduction

Introduction

This activity will graphically show students the

potential for species overpopulation. Because of

this potential in natural populations, most of the

offspring do not survive to reproductive age, and

the "struggle for survival" that became the focal

point of Darwin's and Wallace's discovery
results.

Intended Audience

Life science

General biology

Materials (for each student group)

4 red wigglers (purchased from a bait dealer)

quart container filled with peat moss and rich

soil

box of TotalTM or WheatiesTM (to be used as

worm food)

Procedure

The concepts of biotic potential are illustrated

concretely by culturing some fast-reproducing

organisms in a closed environment. Commercial

fishing worms called "red wigglers," purchased

from bait dealers, may be used for this purpose.
Place four worms in quart-sized cottage cheese

cartons filled almost to the top with a media of

peat moss and rich soil. A finely ground break-

fast food provides a good diet for the worms.

The cereal is sprinkled on top of the media and

the culture is kept moist and cool.

At two-week intervals, have the students count,

record, and graph (time against population size)

the number of worms in the cartons. Also, have

the students measure the average size of 10

worms at each counting, since there is another

serendipitous outcome for the students to see.

As the population peaks, the worms begin to

diminish in size and number until there are none

left. The students see a real example of the

earthworm's biotic potential and a stark example

of the result of overcrowding, resulting in

depletion of resources and the accumulation of

waste.

Reference

This activity is modified and reprinted from an

activity by D.H. Keown (1988). Teaching

evolution: Improved approaches for unprepared
students. The American Biology Teacher, 50(7),

407-410, with permission of the publisher.
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SIMULATING POPULATION DYNAMICS

An original activity by
Brian J. Alters

This activity will model such concepts as

carrying capacity, exponential growth,
distribution over time, zero population

growth and possible extinction. Some effects of
chance, immigration, emigration, competition,

disease, pollution and seasonal changes are also
included in this model.

Student groups run probability experiments in

which inanimate populations grow and level off

due to multiple factors; after which, students

construct population curves that are different for

almost every population (student group) due to

chance. This is accomplished through the use of
dice and plastic or paper chips (other items may
be used instead of chips).

Evolutionary Principles Illustrated

Struggle for survival

Extinction

The role of chance in evolution

Introduction

The first two activities in this chapter demon-
strate to students that organisms have the ability

to reproduce vast numbers of offspring when
conditions are ideal such as abundant food
and living space, no organisms competing for

those resources, and no predators or disease
present. This biotic potential is rarely realized in
nature.

Most organisms do not survive to reproduce
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fully or reproduce at all due to the "struggle for

survival." This concept became the focal point
of Darwin's and Wallace's discovery. The

activity will symbolically and graphically allow

students to experience the restrictive variables
on overpopulation.

Intended Audience

General biology

Advanced biology

Materials (for each student group)

1 pair of dice

100 paper chips of any color (or virtually

anything small with which to keep tallies)

200 paper chips of another color (or anything

with which to keep tallies)

1 sheet of graph paper (optional)

Procedure

Each student group should have a pair of dice,

100 of one colored item and 200 of another

colored item (for example, 100 red chips and

200 green chips). The dice introduce the element

of chance. Each red chip represents an indi-

vidual organism that potentially can reproduce.

In population activities, only the potentially

reproducing organisms "count," so there is no
need to mention the nonreproducing sex, if any.

Each green chip represents the resources neces-

sary (consumed) per individual per year.
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Each individual has the

capability of reproducing

once a year. A year is defined
as the duration to role the dice

once for each individual

already in the population for

that year. For example, if the

population has five individu-

als and the third roll of the

dice reads "4," meaning "one

immigration," (dice values are

on the Student Niche hand-

out) the population would still
only have two more rolls for

that year, even though another

individual joined the popula-

tion for that year (it will have

a chance to roll the dice next

year).
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Fig. 1. Graph possibilities.

At the beginning of each year, the population

receives 20 resource chips. During each year,

each individual will use up one resource chip, to

be given up at the end of the year (after all rolls

have been made for the year). And, as above, if

an individual newly joined the population that

year, then there is no need to give up a resource

chip (it will eat and drink next year).

If there are not enough resource chips for each

individual (not counting the newly joined or

born individuals), then those individuals without

resource chips, leave the population (die and, to

a much lesser extent, emigrate).

Most Important: If an individual joins the
population within the year, it is not considered

when rolling dice or exhausting resource chips

for that year. However, it is counted as part of

the total population count at the end of the year.

(Note: There is a stepwise summary of the above

procedure on the "Student Niche" page.)

Figure 1 represents some possible graphs for this

exercise (years versus population). Notice that,

in each case, a carrying capacity was estab-

lished. Although each student group will have a

different graph for its population, each probably

will have established a carrying capacity (except

for extinctions).

After completion of the activity, the teacher

could lead a discussion with the entire class to

share what other student group populations

experienced and to discuss some topics such as

biotic potential, extinctions, and how they relate

to the survival of the fittest. The next page is to

be photocopied and handed out to the student

groups as their instructions for the exercise.

Reference

This previously unpublished activity was

contributed by Brian J. Alters, a Ph.D. candidate

in science education at the University of South-

ern California, Los Angeles, California.
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Population Dynamics
Student Niche

First Year

1. Start with 5 individuals in the population and 20 resource chips.

2. Roll the dice once for each of the 5 individuals. Move individual and resource chips in and out of the

population depending on what is rolled on the dice:

If the total on the dice is:

2, then forfeit 5 resource chips (due to a nonfavorable seasonal change)

3, then record one birth

4, then record one immigration

5, then record one birth
6, then record one birth

7, then record one birth

8, then record one death (due to competition)

9, then record one death (due to disease)

10, then record one emigration

11, then record one death (due to pollution)

12, then receive 5 resource chips (favorable seasonal change)

3. After the five rolls, the year has ended. Take away one resource chip for
were in the population at the beginning of the year (newcomers don't eat or

4. Count the total number of individuals now in the population. Record the

You are now ready to begin the following years.

Following Years

5. Give your population 20 resource chips.

each of the individuals that

drink until next year).

number and the year on paper.

6. Roll the dice once for each of the individuals that are in the population at the beginning of this year

(newcomers [births and immigrations] will roll next year). Move individual and resource chips in and out

of the population depending on what is rolled on the dice, as above.

7. After the dice have been rolled once for each individual that started the year, the year has ended. Take

away one resource chip for each of the individuals that were in the population at the beginning of the year

(newcomers don't eat or drink until next year). If there are more individuals that resource chips, those

individuals die or, to a lesser extent, emigrate out of the population.

8. Count the total number of individuals now in the population. Record the number and the year on paper.

9. Repeat steps 5-9 until the population has struggled through 20 years.
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VI. ADAPTATION

Adaptation is a biological term that is universally misunderstood by students. In common lan-

guage, the term represents something over which an individual has control. Generally, people are

said to be able to adapt to or change.

In the world of nonhuman living things, however, the term "adaptation" means a characteristic or set of

characteristics already possessed by an individual, giving it an advantage over others in the struggle for

survival. Organisms cannot choose to adapt; they must already possess the raw materials for such adapta-

tion. Hence, the term "adaptation" used in biology is a noun, not a verb.

Students will be able to see a number of traits and judge the adaptive value of such traits in the activities

provided in this chapter. Using a variety of instruments, such as drinking straws, tweezers and pliers,

students are asked to pick up various types of seeds in a simulation of bird beaks. Obviously, some

"beaks" will be better adapted than others for certain kinds of seeds.

In another experiment, real birds are employed to pick up food that has been dyed different colors. This is

an authentic test of the birds' abilities to see various food sources against a colored background. Success

in food gathering is good news for the bird but bad news if the prey items are plant seeds or insect

larvae.
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MODELING THE PRINCIPLES OF ADAPTIVE RADIATION

Based on an original activity by
Lawrence Blackbeer, Arthur P. Loring, and Kia K. Wang

This model illustrates the operation of the

principles of adaptive radiation by

modeling the process, with holes drilled

in egg cartons and unsorted sand to represent

species. Grains of sand that fall through the

holes in the egg carton compartments are said to

lack the traits necessary to survive.

Evolutionary Principles Illustrated

Geographic isolation

Competition

Natural selection

Speciation

Rapid environmental change

Introduction

The principles of adaptive radiation have

operated throughout geologic time. The taxo-

nomic categories that biologists apply to flora

and fauna actually represent the links in a

continuous chain formed as a result of these

principles.

Intended Audience

General biology

Advanced biology

Materials (for each student group)

egg carton

drill with bits of various sizes (e.g., 0.75 mm,
1.25 mm, 1.75 mm, 2.5 mm)

approximately 500 g of poorly sorted quartz

sand

35-mesh sieve

Procedure

The basic apparatus consists of the six compart-

ments in half an egg carton. Each compartment

is numbered, consecutively, for reference

purposes. Each compartment represents the

geographic region in which a different species
functions. The carton as a whole represents a

much larger environment such as an ocean or a

lake. The vertical and horizontal variability

within each compartment reflects the variable
environmental conditions within the species'

adaptive zones.

Nine holes equally spaced in three columns are

drilled in the bottom of each compartment. The

holes are meant to illustrate the sievelike opera-

tion of natural selection. The size of the holes

varies from compartment to compartment. This

variability of the hole diameters is intended to

reflect the variable environmental conditions

within geographic niches one through six. The

hole diameters for Compartments one through

six are as follows:

1. 0.75 mm

2. 1.25 mm

3. 1.75 mm

4. 2.50 mm

5. 2.50 mm

6. 2.50 mm.
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The partitions separating the six compartments

represent boundaries imposed by environmental

conditions; that is, the next compartment is

beyond the realm of a species' adaptability at

that moment in its evolution. However, the

boundaries are not entirely unbreachable, and

preadapted organisms of one niche can gradu-
ally adapt to the environmental conditions of an

adjacent niche.

To operate the model, one student will need

about 500 g of poorly sorted quartz sand. The

sand is separated by means of 57-mesh to 35-

mesh sieves, with the result that only grains of

0.5 mm, 2 mm, and 4 mm in diameter are used

in this model. These grains, deposited in a

compartment, represent the individuals of a
species. The different grain sizes reflect the

normal phenotypic variability observed within
living populations.

Initial Assumptions

The total environment is initially devoid of
animal life. (This is not usually the situation in

nature, but the validity of this procedure will be

explained later). However, we must assume the

plants are present to supply the food and oxygen

that the animal occupants will require.

We assume, further, that the carton represents a
single general environment say, a freshwater
lake. The grains that are to be poured into

Compartment 1 represent members of a herbivo-
rous species, A.

It is necessary to assume that the members of
Species A have already adapted to slightly
different environmental conditions elsewhere;

then they have been transported, either artifi-

cially or accidentally, into this habitat (Com-
partment 1). They are sufficiently preadapted to

function under the environmental conditions

encountered in this habitat.
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Procedure

PHASE I

Slowly pour the mixture of grains (from 0.5 mm

to 2 mm in diameter) into Compartment 1. The

grains that fall into this compartment are indi-

viduals of Species A. At the same time, gently

shake the entire carton in order to sieve those

grains that are smaller than the holes (.75 mm)

in Compartment 1. The shaking also imparts a

vertical sorting within each compartment. When

Compartment 1 is filled with sediment, the first
phase of this model has been completed.

This phase of the model illustrates the operation

of intraspecific competition, natural selection

and specialization. The pouring of grains and

their immediate competition for space within the

compartment reflect the mechanism of intraspe-

cific competition. However, just as certain

grains are sieved out of this compartment,

natural selection effectively weeds out those

members of a population that cannot adequately

compete with the more competent individuals of

the same species.

Those grains that fall onto the tray below

represent the portion of the population that is

relatively unfit and is removed from the niche by

natural selection. Those grains remaining in

Compartment 1 are to be considered specialized

as a result of natural selection.

The criteria for direct selection has been shown

to be the individual's phenotype; the frequencies

of a species' alleles should, therefore, be indi-

rectly affected by this process of selection.

Although not demonstrated in this phase, those

genetic mutations manifest advantageous

phenotype traits that would be incorporated into

the species' gene pool via the natural selection

process. It is important to note that all members

of Species A experience natural selection under

the environmental conditions within this habitat;
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geographic isolation as a stimulus for divergence

is negligible during Phase I.

When Compartment 1 is filled that is, when

the niche has reached its carrying capacity

the grains are distributed so that the larger grains

accumulate at the top because of the shaking

action. This zoning of the remains within the

compartment is to be interpreted as the evolution

of variations within a species by natural selec-

tion under slightly variable environmental

conditions.

PHASE II

As the pouring of the grains continues beyond

the capacity of Compartment 1, grains tumble

over the partitions into the adjacent compart-

ments. (Tilt the carton slightly so that grains will

fall into Compartment 2. Grains falling into

Compartments 3 and 4 are to be disregarded.)

As soon as the first grains tumble into Compart-

ment 2, transfer the pouring of grains into that

compartment only. Continue to shake the carton

gently, to aid sieving. When the carrying capac-
ity of Compartment 2 is reached it will show a

smaller range in grain size than that of Compart-

ment 1. This is because of the larger holes in

Compartment 2. Analysis of the grains remain-
ing in Compartment 2 reveals a range in diam-

eter between 1.25 and 2 mm.

This phase of the model illustrates the operation

of intraspecific competition, natural selection,

and specialization, as discussed in Phase I. In

addition, it is assumed that certain genetic

mutations are being incorporated into the gene

pool of the population within this habitat (Com-

partment 2).

At the beginning of Phase II, the factors of

adaptive radiation have extended the limits of

the adaptive zones of Species A by the forma-

tion of a new species within this habitat (Com-

partment 2). The assumption is that Habitat 1 is

essentially isolated from Habitat 2. Therefore, in

time, genetic mutation, intraspecific competi-

tion, natural selection, specialization, and

geographic isolation should result in speciation.

Divergence in the model is said to have occurred

once the carrying capacity of this habitat (Com-

partment 2) has been reached (at the end of

Phase II). At this time, the grains within Com-

partment 2, which formerly represented a
subspecies of Species A, have come to constitute

a Species B another herbivorous, aquatic,

invertebrate stock. Thus, theoretically Species A

and B can no longer hybridize (produce fertile

offspring). But these species are still closely

related genetically and phenotypically; they

would be classified as members of the same

genus.

PHASE III

The model thus far has shown how the pressures

of natural selection, initiated by intraspecific

competition and resulting in specialization, are

resolved (Phase I). In addition, the continued

operation of the principle of adaptive radiation

has resulted in speciation the evolution of

Species B (Phase II). However, no pressure has

yet been exerted as a result of intraspecific

competition.

Phase III of the model illustrates the effect of

interspecific competition between Species A and

B. Continue to pour grains into Compartment 2

until the sand grains come into contact with the

grains in Compartment 1 at the partition. The

grains in each compartment actually "compete"

with one another for the available space at the

partition, where the niches of Species A and B

overlap.

Because A and B are herbivorous, interspecific

competition may occur for living space for food.

In the overlapping region, A and B divide food

and living space according to their relative

degrees of adaptive competency. In nature,
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interspecific competition would tend to intensify

intraspecific competition, thereby raising

standards of fitness required of these species by

their respective environmental factors.

Intraspecific competition also influences the

direction in which divergence will occur. To

show this, an unoccupied environmental space is

considered to be an environment of low pres-

sure, and a saturated habitat is considered to be

an environment of high pressure. The continued

pouring of grains into the saturated habitats of

Species A and B (Compartments 1 and 2) causes

grains to fall into vacant Compartments 4 and 3,

respectively.

Note that the grains do not flow from one high
pressure environment (Compartment 1) into

another high-pressure environment (Compart-

ment 2). Instead, the grains flow from the

saturated, or high pressure, habitats into the

unsaturated, or low pressure, regions of the

model. We suggest that the members of a

species will tend to migrate into an environment

of low pressure containing the proper unfilled

niche. Habitats that contain niches already filled

by competent species discourage the settling of

similarly adapted species.

The larger hole-diameter of Compartment 3

weeds out grains that were previously permis-

sible in Compartment 2. This occupance mimics

the environmental selection in nature of a
species' phenotypic potential and the indirect

loss of certain alleles from a species' gene pool.

Assuming that the individuals in this habitat

(Compartment 3) are isolated geographically

from those in the adjacent habitat (Compartment

2), genetic mutation, intraspecific competition,

natural selection, and specialization will result in

speciation.

Species C is said to have evolved in this habitat
(Compartment 3) once the carrying capacity of

this environment has been reached (at the end of

Phase III). Species C, composed only of the
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largest grains, is a third herbivorous, aquatic

invertebrate species.

The grains poured into Compartment 1 overflow

into Compartment 4. However, the holes in

Compartment 4 are so large that all grains that

fall into this compartment are sieved into the

tray below. This suggests that the environmental

conditions in Compartment 4 are beyond the

realm of adaptability of Species A. This species

cannot make the transition successfully, due to

the nature of the environmental conditions

encountered in the habitat (Compartment 4); no

letter designation is therefore necessary. Be-

cause the holes in Compartments 5 and 6 are the

same size as those in 4, they too will remain

vacant (devoid of grains).

PHASE IV

After Compartments 1, 2 and 3 are filled with

grains, a small nail is used to enlarge all their

compartmental holes to 3.0 mm in diameter.

After this is done, continue sieving. This illus-

trates the effect of rapid environmental change

on intraspecific competition, natural selection

and specialization.

Environments are constantly changing. They are

dynamic systems. The organisms in these

changing habitats may either adapt to these

environmental conditions, migrate or become

extinct. Environmental change is usually a slow

process, during which natural selection modifies

the phenotypic and genotypic norm of a species.

However, if environmental change is relatively

rapid, the effects may be drastic for the organ-

isms within the habitats experiencing modifica-

tion.

Discussion

Standards of fitness, determined by chemical,
physical and biological environmental factors,

are upset during rapid environmental change.

The faunal inhabitants may not be suitably



adapted to function under rapidly altered envi-

ronmental conditions.

A genetic mutation is an accident. If a genetic

mutation proves to be phenotypically advanta-
geous during rapid environmental change, it may

ultimately become the genetic norm of its

species. Mutant alleles, which are usually

recessive, may therefore become common due to

the selective advantages of their phenotypic
expressions. Thus, mutations are the safety

valves of a species during periods of rapid

environmental change.

This may be demonstrated in the model by

adding 4.0 mm grains in diameter to Compart-

ment 1 before Phase IV has been completed.

These are not sieved. These unusually large
grains represent the mutations of Species A that

have been deemed fit by the new environmental

conditions in this habitat (Compartment 1).

However, rapid environmental change may

serve as an instrument of extinction of a species

if no beneficial mutation occurs. Once Phase IV
has been completed, Compartments 2 and 3 are

devoid of grains. It is suggested that their faunal

inhabitants Species B and C, respectively

did not adapt or produce advantageous muta-

tions during rapid environmental change.

While it might be useful to model factors such as

intraspecific competition, natural selection,

specialization, and divergence, this model is

incapable of illustrating these modifying factors

because of their dynamic nature. However, the

teacher may wish to mention them to his/her

students.

Validity of the Initial Assumption

The initial assumption of the model was that no

faunal occupants existed in this environment

before the introduction of Species A. During

Phase I, interspecific competition was not

occurring. Although this situation would not be

representative of evolution within many existing

environments, Species A could also have been

introduced as a relatively competent species that

was competing in Habitat 1 with several incom-

petent species (not identified).

In that case, the more competent Species A

would have efficiently eliminated the less

competent species. If the model had been

introduced in this manner, the validity of the

model and the conclusions would not have been

altered. (A summary of the model's conclusions

is illustrated in the accompanying figure.)

Time

Phase 4

Phase 3

Phase 2

Phase 1

Species G

Species B

Species A

Fig. 1. Divergence of evolutionary events.

Reference

This activity is based on an original exercise by

L. Blackbeer, A.P. Loring and K.W. Wang

(1972). A teaching model of the principles of

adaptive radiation. The American Biology

Teacher, 34(8), 471-474 & 476, and is modified

and reprinted with the permission of the pub-

lisher.
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THE BIRDS AND THE BEAKS

Based on an original activity by
Roxie Ester le

This lab demonstrates the principles of

natural selection by showing that differ-

ent adaptations (usually physical struc-

tures) have value in a specific environment or

for a specific purpose.

Evolutionary Principles Illustrated

Adaptations

Diversity

Competition

Introduction

In this activity, students simulate the usefulness

of various types of bird beaks by trying to pick

up particular types of seeds with various "beak
like" tools. Such tools include pliers, knives,

spoons, etc. It is possible to make this activity

quite sophisticated by having students use many

seeds and tools and then calculate the ratios of
various seed types "captured" with particular

tools. Conversely, this activity may also be used

as a simple illustration of adaptive structures.

Intended Audience

Life science

General biology

Materials (for each student group)

assorted tools of varying design, including

pliers with different tip configurations
two flat dishes (one will contain the mixed

seed and one will contain the "eaten" seeds)

four types of beans or seeds of varying sizes,

such as sunflower seeds, kidney beans and
flax seeds (A mixed bag of commercial bird

seed will be useful.)

Procedure

1. Assemble an assortment of beans consisting
of approximately one teaspoon of each type of
seed mixed together for each student group.

2. Instruct students that they are to use their
"tool" to pick up as many seeds as possible and
put them into the now-empty flat dish.

3. Pliers will be used to represent the beaks of

various birds, and the student using the pliers

will represent the bird. Students should be

instructed to use both hands to manipulate the
pliers.

4. Each "bird" (student) is instructed to forage
for seeds in the flat dish for one minute.

5. After one minute, all birds are asked to stop

eating. Other members of the flock can sort and

count beans and record their data in an appropri-

ate chart.

6. Return all beans to the flat dish.

7. Repeat steps 4-6 as necessary until all the

"birds" (students) in the laboratory group have

had a chance to feed.
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Name of Tool Type of Seed Eaten

Averages

Table 1. The relationship between the number of seeds collected (eaten) by various tool types.

8. Depending upon the goals of the instructor or
the nature of the learners, the data may be

entered onto a table (see Table 1) or may simply

be discussed qualitatively.

9. For those who would like to have students
make graphs, the following relationships might
prove illustrative:

Seed type versus number of seeds eaten

Tool type versus total number of seeds eaten

Tool type versus weight of seeds eaten.

Suggested Discussion Questions

1. Which type of bird beak do you feel is the
best adapted? Why?

2. Which type of seed do you feel is best
adapted to avoid being eaten? Why?

3. Which bird beak (tool) functioned best as a
"generalist"? This may be determined by
looking at the data for your lab group. Did your

bird beak catch an equal number of each type of

seed or was it more successful with a specific

type?

4. Which bird beak was most specialized?

5. What would happen to a bird in a natural

situation if it was unable to secure an adequate

number of seeds? What will happen to the bird
that can catch the most seeds? (What will

happen to the genes of each of these two birds?)

6. Are some of the "birds" in this activity more
skilled than others in gathering seeds? Does this

happen in nature?

7. Are all offspring from the same parents

identical in their physical appearance? In their
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ability level? Give some examples to support

your answer.

8. Identify an example from real life experience

where competition occurs among living things.

9. Do you think that all of the seeds are equal in
nutritional value to the birds? Should this be a

consideration in experiments such as this?

10. What factors influence exactly how much
food a bird eats?
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11. What are some of the sources of error in this
activity?

12. How does this activity relate to the Darwin/

Wallace explanation of how evolution occurs?

Reference

This previously unpublished activity, originally

titled All About the Birds and Beaks, was contri-

buted by Roxie Ester le, a science consultant

specializing in evolution education.
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DEMONSTRATING COLOR ADAPTATION

IN FOOD SELECTION

Based on an original activity by
Joseph Abruscato and Lois Kenney

/n this activity, a bird is allowed to select and

eat seeds that have been dyed either grey

or brown and randomly scattered on a
chessboard composed of gray and brown blocks.

This exercise may be done as a demonstration or

performed on successive days by student groups.

Evolutionary Principle Illustrated

Adaptations (protective coloration)

Introduction

The way in which protective coloration ensures

the survival of a species is a topic dealt with in

most biology classes. Usually, examples of
organisms displaying this evolutionary adapta-

tion to the environment are presented to students

through pictures or preserved specimens and

samples from their environments. Using color
adaptation, students discover this principle of

survival.

Intended Audience

General biology

Advanced biology

Materials (for each student group)

a tame bird of any species
chessboard with brown and gray squares

equal quantities of birdseed (1 cup)
gray and brown food coloring
light string (approximately 1 meter)

Procedure

The bird is fed dyed birdseed for a week so that

it can become familiar with this food source. It

is given no food for the six hours preceding the

actual experiment. A chessboard is placed in the

center of a large table, and the brown and gray

pebbles are placed on the dark and light squares,
respectively. The students then place 20 grains

of seed (10 brown and 10 gray) randomly on the

16 squares of the board. During the experiment,

the bird may be gently tied on one leg with light

string or yarn approximately one meter in length

to keep it from flying away.

The bird is allowed to eat any birdseed it can

find on the board during a two-minute trial.

After the trial, students determine and record the

number of color-adapted seeds (brown seeds on

brown squares or gray seeds on brown squares)

the bird has eaten. The student should randomly

place a total of 10 brown and 10 gray seeds on

the board for each trial. The data obtained from

a series of trials can then be used to determine

the survival value of color adaptation.

Students may extend the experiment at a future

time by using insect larvae of different colors (or

any other bird food source) placed on an appro-

priate background. The results can be compared

with those from the seed trials.

The tame birds will obviously be the limiting

factor in this exercise, as it is unlikely that
enough birds will be available for multiple
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student groups to perform this investigation

simultaneously. Therefore, this activity might be

done as a demonstration for the entire class or

accomplished on successive days by different

groups of students.

Where student groups perform the exercise, it

would be possible to compare the results from

day to day to see if the bird becomes more adept

at locating food on the chessboard or shows an
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increased preference for a certain kind or color
of seed.

Reference

This activity is based on J. Abruscato and L.

Kenney (1972). An experiment with color

adaptation. The American Biology Teacher,

34(3), 161, and is modified and reprinted with

permission of the publisher.
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VII. SIMULATING NATURAL SELECTION

This section of the monograph features a variety of models simulating the process of natural selec-

tion. These models each represent a synthesis of many of the important aspects of the Darwin-

Wallace theory.

Several examples are provided, ranging from the complex design of Allen, et al., which uses wild birds to

generate actual numerical data, to the more traditional models involving beans, colored dots, and tooth-
picks. Each of these simulations highlights some unique feature of the Darwin-Wallace model, and

instructors may choose one or more that are most appropriate for their students.

With several of these simulations appropriate for students of the same ability, it might be interesting to

run a variety of labs in the same classroom with students from different groups reporting on conclusions
reached after completing different simulations. Likewise, as with other activities, one simulation could be

chosen for use as a class exercise, and another could be used later to assess authentically what students

have learned.
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SIMULATING EVOLUTION

Based on an original activity by
Robert C. Stebbins and Brockenbrough Allen

This simulation of natural selection uses

dots of different colored paper scattered

on various cloth backgrounds. Students

act as predators to remove the paper dots that
they are able to find. In a unique step, the

remaining dots are collected and arranged by

color into a graph paper histogram to help

students visualize what has happened to the

species variants. The survivors may be subjected

to another bout of predation, accompanied by

another histogram.

Other ideas include having the students wear

different colored cellophane glasses to test the

effects of color vision on predation or marking a

pattern on the dots themselves to see if that
affects the end result. Suggestions for outdoor

trials with toothpick "caterpillars" with pipe

cleaner bodies are also provided.

Evolutionary Principles Illustrated

Natural selection

HardyWeinberg equilibrium

Intended Audience

Life science

General biology

Introduction

In this simulation, a population of individuals of

10 different colors (punched out paper strips) is

distributed over an imitation habitat of colorful,

patterned fabric. Predators (humans) prey upon

the population and remove 75%. The survivors

reproduce asexually, producing three offspring

like themselves, thus returning the population to

its former size. Asexual reproduction is used for
simplicity.

The process of predation and reproduction is

repeated once or twice, after which most survi-

vors blend with their surroundings, and the

population is adapted to the color of its back-

ground. If 100 animals are used, it is easy to

calculate percentages of surviving color types.

Obviously the demonstration greatly oversimpli-

fies what happens in nature. However, it should
provide a clearer understanding of natural

selection than can be obtained from reading

alone. The participants are involved personally

in the dynamics of the population changes. Since

they themselves are the predators, they can

appreciate more fully the nature of the changes
that take place.

Basic factors involved in natural selection are

encompassed by the demonstration, even though

only asexual reproduction is employed. Asexual

reproduction must have preceded sexual repro-

duction in the evolution of life on Earth, and

many organisms now living reproduce in this
way. Some higher vertebrates certain species
of fish, amphibians and lizards reproduce by
parthenogenesis.
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Materials (for each student group)

1 quarter-inch paper punch, preferably with a

compartment to hold punched-out chips

construction paper, including different shades

of the same color (10 to 20 colors including

black, gray, brown, and white)

2 (or more) pieces of fabric (3x6 feet) each of

various designs and differing in basic colors

1 clear plastic vial or other transparent con-

tainer with lid (to hold the chips)

cellophane tape
graph paper (four squares/inch)

1 black waterproof felt pen

3 small bowls

Procedure

Punch out 500 paper chips, 50 each of 10

different colors. Use a wide variety of colors

such as red, orange, yellow, green, blue, violet,

brown, gray, black and white. To speed prepara-

tion, fold the paper to four thicknesses and

punch out four chips at a time. Put chips of each

color in separate plastic vials and shake well to
prevent clumping.

Choose fabric patterns that simulate natural

environments, such as floral, leaf or fruit prints.

The patterns should be of varied colors and

intricate design. Test colored chips to be used

against the patterns to make sure that at least

some of them blend in and are hidden.

Select several designs, each with a different

predominant color. It will then be possible to

demonstrate the evolution of different adaptive

color types from the same kind of starting

population. To do so, conduct several demon-

strations simultaneously and compare the
surviving populations.

Conducting the Basic Simulation

Remove 10 chips from each of the 10 vials and

create a population of 100 animals of 10 differ-
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ent colors. Assign participants to the care and

handling of chips. If there are five persons, for

example, each one might be responsible for

counting the replicating two colors. It is impor-

tant to double-check all counts at this time and

on all later occasions in the simulation. If this is

not done, exponential growth can lead to unman-
ageable population sizes.

Place all chips in a single vial and mix well by

shaking. Spread out the fabric habitat on a table

top and dim room lights if chips appear overly

conspicuous. Empty the vial in the center of the

fabric and achieve a roughly uniform distribu-

tion of chips by moving them throughout the

habitat with a sliding motion of the hand. Then

go over the habitat, separate the chips that may

be clumped, and place them in gap areas.

Participants should stand with their backs

toward the habitat to prevent locating particular

chips in advance. At a signal, each predator

picks up one chip at a time. After each chip is

grasped the predator should place it in a con-

tainer (bowl) nearby. This forces the predator to

simulate common predatory behavior in which

attention is centered on the prey as it is killed or

carried off. Chips may be taken from any part of

the habitat by sliding the hands over the habitat.

In order to ensure the survival of 25% of the

chips, a quota is prescribed for each predator.

The quota is determined by dividing the number

of predators into the total number of chips

removed. In the present example, each partici-

pant would take 15. Arbitrarily adjust counts

when multiples are uneven.

The 25 surviving chips are removed from the

habitat and grouped according to color type. To

remove the survivors, lift the two long sides of

the fabric simultaneously and shake the chips

into the trough to be sure all chips have been

removed. Alternatively, fold one half of the

fabric over on top of the other half, spread out

the fabric close to the table top with chip surface



down, then lift the fabric by its four corners a

few inches above the table and shake to free

adherent chips.

If more than 25 chips have survived, redistribute

the survivors on the habitat and remove the

excess by predation in a manner described

above. If there are fewer than 25, make up the

difference by random selection from among
those chips captured. Minor variation in num-

bers of survivors (two or three chips) can be

accepted, and the survivor count need not be

corrected if selection proceeds for only a few

generations.

Arrange the survivors in a horizontal row, about

onehalf inch apart, placing those of each color

type together. Each surviving chip produces

three offspring. Place the offspring in a vertical

column below each print, using chips from the

reserve supply punched out earlier. (Once

participants are fully aware that each chip is

reproducing, they can simply determine the

number of offspring by multiplication.) When all

survivors have reproduced, mix them and their

offspring thoroughly and distribute them as

before throughout the habitat. Repeat the entire

process of selection one or more times to

achieve a population that closely matches its

surroundings.

Preparation of Graphs

Although a colorful record of population

changes can be kept through photographs or

colored drawings, it is desirable to graph results

as they are obtained. Place the graph paper on a

firm surface and line up the chips within appro-

priate squares. Representatives of the starting

population can be placed in order of spectral

colors (red to violet) in a horizontal row at the

bottom of the graph. Cover all at once with a

single piece of cellophane tape. Then arrange

survivors, a row at a time, in columns. Cover

with vertical strips of tape. To save time and

chips, use X's to show frequency of survivors.
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Time Requirements

To carry selection through two generations of

survivors requires approximately 20 minutes, if

all "props" have been prepared in advance.

Simulations of Other Phenomena

Adaptive Radiation

The simulation can be used to show how, from

the same genetic stock, differently adapted

groups of organisms may arise in different

environments. There are many examples among

living organisms. Notable are the adaptive

radiations that took place among Australian

marsupials and Darwin's finches of the

Galapagos Islands.

Use three or more different fabrics and start a
population of identical composition on each.

After two or three generations, compare the

populations derived in each of these habitats. If a

pale fabric (representing a desert habitat) is

included, adaptation to simple and complex

environments can also be compared.

Selection for Two or More Characteristics
Simultaneously

In natural populations, survival frequently is a

matter of chance and occurs regardless of any

seemingly-useful traits possessed by the indi-

vidual. Often, however, survival is greatly

influenced by the individual's total array of

attributes. However, at any given time and place,

one or a few attributes may be particularly

important.

In the basic simulation, selection was based on

only one characteristic color. To make the

selection model more realistic, traits in addition

to color can be introduced. Selection then has an

opportunity to work on two or more characteris-

tics simultaneously.

In addition to color, pattern, size, shape and
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thickness may be used. These traits can be

combined in various ways. The chart in Figure 1

illustrates results obtained when each of the 10

color varieties used were of two sizes five

small and five large. On the habitat chosen,

selection favored small size and purple and blue
colors.

Patterned chips can be made by placing black

felt pen markings on both sides of colored paper

14

13

12

11

10

9
a

6
5

e

0

0

0
0
0

0

0
0
0
0

0

0

O 0
O 0
000

4

3
2
1

0
e 004900000

0@000wo

56

52

444

41

40

36

.32

24

20

lb
12

8

4

J6
.32

2824

20

16

12

8
4

16

O PL

0 8
O 0 0 4

Jtartiiisr
Popo /aelon -4.600000GO

(/0 individuals
of each color)

MI 0 000000090
''''''' "--' ''''''' '."' '"'"'

t°
z., 3 1 It .'_

'"'"'

4
k

s"'"'

Z

..

''' ""-'

4','C
3

""'
Y

.O.1

Color varieties

Fig. 1. Color varieties.

and punching chips from the marked strips. Half

the chips of each color can be patterned and the

remainder left plain. The pattern can be of ruled

lines (1/8 inch apart) or closely set dots. Colors

other than black can be used for patterns; felt

pens come in many colors. Shape variation can

be introduced by comparing half chips with
round ones.
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Try also thick chips. The latter can be made by

gluing together two pieces of the same colored

paper. Use rubber cement or hot-press photo-

graphic ready-mounted tissue. On smooth cloth

backgrounds, selection often works against thick

chips even though they are a precise color

match, perhaps because the slightly more

conspicuous shadow they cast may reveal them.

This demonstrates the problem of shadow

concealment that faces otherwise-camouflaged

animals in nature.

Selection for a Precise Color Match to
Backgrounds.

Many camouflaged animals match colors present

in their habitat with remarkable precision. In this

simulation, an opportunity can be afforded for

the evolution of a precise color match. Included

in the starting population are several shades of

each of the predominant colors present in the

habitat. An experiment conducted on a pale

background, simulating a snow or desert habitat,

may be of interest. Include in the chip popula-

tion pale yellow and several shades of white

(newsprint, construction paper, and so on) and

make sure offspring of survivors are the proper
shade.

The Founder Principle

The particular course of evolution followed by a

population is greatly influenced by the heredi-

tary composition of the original founding group.

The "founder principle" is best exemplified on
islands. If a rare accidental transport of a few

members of a population from a mainland region

to a remote island occurs, a stable colony may

be established.

If the parent stock is highly variable genetically,

it offers a reservoir of many different possibili-

ties for evolutionary development on the island.

The characteristics of the population that
evolves there will be greatly influenced by the

heredity of the particular individuals that happen



to reach the new frontier. Assuming that no

additional colonists arrive, it will be the heredity
of these founders alone that will provide the

genetic material upon which natural selection
will work.

To illustrate the principle, place chips (perhaps

50, no two alike) in a container. The container

represents the ancestral habitat occupied by this

highly variable population. Remove 10 chips at
random without looking at them. These are the
colonists. Replace those removed with an

identical set. Distribute the "founding" 10
individuals on a fabric representing the new

environment. Increase each of the color types to

10, making a population of 100. Conduct two or

three generations of selection, keeping a record
of population changes as described earlier.

Remove a second random sample from the

parent population on the mainland habitat and

repeat the process. Compare the final population
obtained in each of these experiments. Differ-

ences resulting from the accident of initial

sampling will be present.

This simulation can be made more realistic (but

more time consuming) by throwing a handful of
chips from the parent population toward the

"island" habitat, allowing them to fall short on
the floor nearby. Assume that the closest 10

individuals would have reached the island and
use them in starting a population. Pick up the

remaining chips and return them to the con-

tainer. Add replacements for those removed to

restore the ancestral population for the second
trial.

Investigating Predator Vision

Changes in habitat and in the variability of a

population are not the only factors that can
influence selection in our simulations. One can

experiment with changes in the predators by
providing one predator group with colored

cellophane masks and another control group

with clear masks. (To make a mask, cut a

rectangle of cellophane approximately 8x4

inches and attach a 12-inch strip of masking

tape along one of its long sides. Tape the mask

to the forehead. Red is an effective color.) The

masked predators will experience great restric-

tion in color vision and will see the world
presumably as do certain animals in varying
tones of a single hue.

Greatly limited color vision appears to be quite

common among animals. It is thought to occur

in such well-known predators as wolves, foxes,

dogs, lions, tigers and domestic cats. On the

other hand, there are animals, such as lizards,

many fish and birds, that have good color vision.

The subject of animal color vision, however, has

not been studied sufficiently to provide conclu-
sive answers.

Conduct two natural selection simulations
simultaneously using the same starting popula-

tions on separate backgrounds but of the same

pattern. In one habitat you might use predators

with restricted color vision (red cellophane
masks) and in the other those with normal vision

(clear cellophane masks). Alternatively, use one
group of predators and do the simulation twice,

using first control and then red masks. Compare

the populations evolved after two generations.

This demonstration often yields surprising
results.

Possibilities for Further Simulations

We wish to stress the open-ended nature of the

basic simulation and the collateral activities that
have grown out of it. Actually these simulations

are experiments with variables that can be

manipulated. Students should be invited to
innovate and explore new avenues to under-

standing. Once the basic natural selection

demonstration has been experienced, many

people find ways to use the physical materials of

the demonstration to illustrate other population
phenomena.
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Investigating Mutations

To simulate mutations, add a number of new

chips to an "adapted" population and continue

the selection process. In most cases, it can be

expected that all the mutants will quickly die

out, simulating what happens in nature. Occa-

sionally, however, one can expect that one or

more mutants will take hold and expand in the

population.

To obtain a "take" in the short time usually

available for conducting simulations, a high

mutation rate may be required. It may also be

necessary to introduce each mutant in sets of

three or four chips. In order that the viability of
the several mutants can be compared, each set

must be composed of the same number of chips.
Often in classroom trials, several selection

simulations are conducted simultaneously on
different backgrounds.

It would be interesting to introduce the same

kind and number of mutants into each of the

adapted populations at the same stage of their

evolution (for example, after the second genera-

tion). By introducing these mutants into several

populations simultaneously, the chances of
mutants becoming established would be greatly
increased.

One could also experiment with changing the

habitat of an adapted population and noting the

contribution that mutants might make to adapta-

tion in the new surroundings. Experiments with

habitat change would be desirable whether

mutants are introduced or not. For example, a

population evolved to match a "desert" back-
ground may be transferred to "jungle" and

subjected to selection in the new environment.

Investigating Sexual Reproduction

Trials indicate that the model is capable of

demonstrating dihybrid and trihybrid crosses and
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that it shows promise of demonstrating such

phenomena as HardyWeinberg equilibrium and
genetic drift. Special laminated chips may be

used to represent homozygous and heterozygous

individuals.

Heterozygote chips contain a colored inner layer

that serves to code for hidden genotypic infor-

mation. Special dice allow determination of

offspring genotypes. The dice generate a precise

simulation of the probabilities and ratios of chip

genotypes resulting from any given cross

between individuals. If natural selection in a

sexually-reproducing population can be demon-

strated, the pedagogic value of the simulations

will be greatly increased.

Presently, these simulations do not show the

great importance of sexual reproduction in

providing the genetic variation so essential in the

selection process. A sexual version could reveal

how hidden variability (heterozygosity) can be

made available to natural selection through the

process of genetic recombination.

Investigating Selection in Predators

The effects of foraging success on the size of the

population of predators can be investigated.

Reproduction in predators can be geared to

capture of prey. For example, a predator is

required to capture a specified number of prey

for the production of each offspring. If it fails to

reproduce in a prescribed time, it is eliminated.

In such simulations each predator feeds as

rapidly as possible until a monitor calls a halt.

Successful hunters increase in number. Success

fluctuates with ease in detection of prey.

Each predator can be represented by different

colored chips kept together at one side of the

habitat. An event selector (dial with spinning

arrow) can provide for random genetic changes

and environmental factors affecting both preda-

tor and prey populations. For example, a preda-

tor may inherit a condition or have an accident
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that causes a change in vision and requires the
predator to wear a red cellophane mask or search

for prey with one eye covered.

Discussion

In designing this simulation of natural selection,

an effort has been made to provide students with

a greater understanding of the relationship

between an organism's characteristics and its

environment and how adaptive changes can take

place in natural populations.

Questions arise as to the source of the variability

present in the starting populations. The role of
mutations is discussed. They are the only source

of new genetic information in our asexually

reproducing populations. It is pointed out that

mutations which are disadvantageous under one

set of environmental conditions may be advanta-

geous under another and that traits selected in

one environment may be selected against in

another.

Do the terms "superior" or "inferior" (good or

bad) in reference to a characteristic have any

meaning if no environmental or situation context

is given? Might this also be true of things other

than animals (i.e., cars, books)?

What is represented by the several kinds of

colored chips in the starting population? Are
they varieties within one variable species or are

they separate species? We have deliberately
avoided classifying them. How the color types

are viewed does not affect the demonstration of
the natural selection principle. However, if the

population is considered to be a variable species,

the color variants present (if genetic) must be

viewed as having arisen solely by mutation.

It is important to make clear to students the

shortcomings of the present basic simulation. In
particular, the lack of the great contribution to

variability made by sexual reproduction and the

rapidity of the simulation generation time should

be noted. Students should realize that in humans

and other complex organisms with a slow

generation rate, vast periods of time, measured

in hundreds or even thousands of years, have

been involved in the processes we have simu-

lated quickly.

This simulation of natural selection is more

comparable in its rate to that of bacteria and

some fungi. Furthermore, predation is merely

one of many factors in natural selection. To

broaden the conceptual base of the simulation,

one might view the removal of chips as the

decimating effect of disease, moisture or tem-

perature extremes, or environmental contami-

nants. Chip color variation should then be

thought of as the range in tolerance for the factor

in question.
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SIMULATING NATURAL SELECTION

Based on an original activity by
R. Patterson, T. Custer, and B.H. Brattstrom

This activity presents a model for natural

selection simulation including color-

matching by prey (crypsis), morphologic

adaptation to habit (beak length versus prey

size), flock versus individual feeding success,

and the concept of carrying capacity of the

environment.

Evolutionary Principles Illustrated

Selection advantage

Adaptation

Carrying capacity

Intended Audience

Life science

General biology

Materials (for each student group)

100 green toothpicks

100 red toothpicks

tongs or tweezers (enough for half of the
students in the group)

100 wooden matches (long-stemmed)

100 wooden matches (short-stemmed)

pictures of various Galapagos finches

Procedure

Concealing Coloration

The class is divided into two equal groups. Each

group includes a person to act as recorder. The

group is taken to a preselected habitat, which

consists of two large lawns or weedy fields.

Each group walks onto one of the lawns or

weedy fields. The students close their eyes while

100 red and 100 green toothpicks (cocktail or

food-color-dyed) are scattered at random in each
of the habitats. (This can be done before class.)

The toothpicks represent insect prey.

The students then open their eyes. Pretending to

be birds, they collect as many of the toothpick

prey as possible in a 30-second trial. (Size of

plots and amount of time spent feeding can be

varied with interesting results.) They close their

eyes again, and the recorder tallies and collects

the toothpicks from each person. The trials are

repeated until each group has collected most of
the 200 (toothpick) prey.

The red toothpicks are very obvious and are

picked up rapidly, but eight or more trials may

be required to find all of the green toothpicks.

This agrees with and supports the findings of

Kettlewell (1959) on the selective advantage of

habitat-matching in moths.

The class is next taken to a brown dirt habitat,

where 200 red and green toothpicks are distrib-

uted and the hunt for them is repeated. Both

colors of prey (toothpicks) are easily seen here

and are selected against by the birds (students).

Usually fewer than four trials are needed to

collect most of the toothpicks.
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Morphologic Adaptation

To show morphologic adaptation within a

habitat, beak length in birds as seen in the

Galapagos Island finches (Lack 1953) can be

easily investigated. Two groups of students are

taken to the grassy or weedy plots as before.

Half of each group is provided with kitchen

tongs or long forceps, and these students act as

the long-beaked birds. The other half of each

group is asked to pick up prey with only one

hand, acting as the short-beaked birds.

Wooden matches are scattered over the two plots

long-stemmed matches on one plot and short-

stemmed matches on the other. In either case,

the matches are to be picked up with the hand or

tongs and transferred to the other hand for

holding. The data show the disadvantage of

using tongs (long beaks) to pick up the short-

stemmed matches (small prey) but not the long-

stemmed matches (larger prey).

Feeding Efficiency

Flock versus individual feeding efficiency can

be studied by using 200 green matches on the

grassy plots. Half the class "feeds" as individu-

als; the other half feeds as a flock or herd, each

student remaining within 30 cm of his/her

neighbor. The flock or herd usually will collect

more food items because of its greater efficiency

in finding prey in a restricted locality, its coop-

erative strategy in hunting, and its social facilita-

tion, as was noted by Etkin (1967) in both

mammals and birds.

The effect of injury on feeding efficiency can be

studied by using 100 red toothpicks on the green

plot. In one group, the students cover one eye

with a hand, simulating an eye injury; in the

other group, the students simply place their

unused hand on top of their head. The data

usually show higher efficiency in the binocular
birds than in the injured, monocular birds. The

role of injury and illness in decreasing the

chances of survival is well known for both

individuals and groups of animals; for example,

Washburn and DeVore (1961) noted this in

baboon troops.

Carrying Capacity

Carrying capacity can be illustrated on two

grassy plots of equal size. Scatter 200 toothpicks
on each plot. Start with only six students (birds)

to a plot. After each trial, while the number of

prey items captured is being tallied, cast 26 new

toothpicks onto the plot selected for prey

growth. The birds on the other plot, which has

no prey growth, are soon observed to "starve,"

but the competition for prey becomes rigorous

on the plot with prey growth.

The model can be strengthened and altered by

changing the numbers of birds on each plot. For

example, have students consider what would

happen with longspur, a tundra bird that requires

three prey items every 15 minutes for eight

hours every day, on average (Custer 1971).

Discussion

Figure 1 on the next page is a sample data sheet

to be used by one of the recorders. Data can be

accumulated in the field and graphed later in the

laboratory. A graph could show the cumulative

number of prey removed from the habitat under

a given condition of predation (Figure 2), or it

could show the number of prey removed under

two conditions: the latter would show the

number of prey remaining in the habitat per trial,

and the former would show the number of prey

still to be removed from the habitat.

The students can also tally the data for each

individual and then rank the birds as to their

efficiency in each habitat. Usually students will

discover that a bird is more efficient in one

habitat than in another. Data on sex can also be
tallied; on average, males will have collected

more prey items than the females.
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BIRD

CONDMON: NO.

Grass R

1

G R

2

G R

TRIALS AND PREY TYPE

3 4

G R G R

5

G R

6 7

G R G

1 12 14 7 8 7 3 1 1 0 2 0 0

2 9 4 8 5 5 4 0 2 0 1 0 1

3 5 2 6 5 3 1 3 1 0 1 0 1

4 4 4 3 4 2 3 0 2 0 0 0 0

5 4 5 5 3 1 2 0 0 0 0 0 0

6 7 6 3 6 1 4 4 4 0 1 0 0

Sum 41 35 32 31 19 17 8 10 0 5 0 2

Cum f 41 35 73 66 92 83 100 98 98 100

Fig. 1. Data sheet (abbreviated) used by the recorder.

Fig. 2. Capture of red and green prey in a green grass habitat.

Reference

This activity is based on an original exercise by American Biology Teacher, 34(2), 95-97, and is

R. Patterson, T. Custer and B.H. Brattstrom modified and reprinted with permission of the

(1972). Simulations of natural selection. The publisher.
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DEMONSTRATING NATURAL SELECTION THROUGH THE SURVIVAL
VALUE OF CRYPTIC COLORATION AND APOSTATIC SELECTION

Based on original activities by
J.A. Allen with K.P. Anderson, S.R. Ashbourne, J.M. Cooper, and G.M. Tucker

This exercise simulates the effect of

natural selection by feeding birds on both

conspicuous and prey items that blend in

with the background (crypsis) and demonstrates

the maintenance of color polymorphism when

predators select common forms of prey while

ignoring rare ones (apostatic selection).

Evolutionary Principles Illustrated

Adaptations

Apostatic selection

Cryptic coloration

Introduction

The activities presented here have been ex-

tracted from three different sources; however, all

use the same basic method. Artificially produced

baits made of lard and flour dyed with food

coloring are counted and scattered on some

background. (This background may be the

ground itself or the surface of a feeding table.)

These baits are then eaten or ignored by wild

birds. The number and diversity of birds visiting

the area will depend on where it is situated, but

this activity has been done successfully with

blackbirds (Turdus merula), songthrushes (T.

philomelos), robins (Erithacus rubecula),
starlings (Sturnus vulgaris), and house sparrows

(Passer domestics), among others.

It is sensible to pretrain the birds for several

weeks to visit the area by feeding them bread,

wild bird seed, etc., each day for at least one

week before the start of the experiment. To
encourage them to appear during the experiment

proper, the pretraining food should be put out at

roughly the same time of day as the baits would

be.

Artificial "prey" items are useful because they
can be standardized for color, size and shape and

can be produced in large numbers. Furthermore,

their properties can be modified to match those

of the background.

There is also justification in using a background

whose color can be altered because the option

exists of attaining the color match by adjusting

the color of the prey, the background, or both.

Moreover, by repeating the experiment on more

than one background color, it is possible to

control for color preferences caused by factors

unrelated to crypsis.

We believe the methods described here could be

used by students of various age groups (perhaps

with the omission of statistical tests). Whatever

the age of the participants, the results from the
simulation should encourage classroom discus-

sion on the role of natural selection in the

evolution of real organisms.

Intended Audience

Advanced biology
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Materials (for each student group)

lard (340 g)

plain flour (666 g)

orange and green food coloring
caramel dye

white and brown stones (approximately 10

mms), perhaps from commercially-available

washed river gravel

plywood and molding

ground stakes (20)

string (1 ball)

Procedure

Preparation of the Baits

The baits are made from lard and plain flour, in

a 1:3 ratio by weight, and edible food coloring in

the following technique suggested by Turner

(1961) and Allen and Clarke (1968). After

thorough blending with a sturdy food mixer or

by hand, produce brown pastry by mixing in 4

cc of orange dye and 6 cc of caramel dye to

every 1000 g of dough. Other colors of pastry

bait may be made by mixing in sufficient food
dye to match (by eye) one of the background

colors of interest. White pastry has 10 cc of

distilled water added to every 1000 g of dough.

To the human eye, the two types of bait ap-

peared equally cryptic when resting on their

respective matching backgrounds.

A modified mincer attachment on the food mixer

may be used to produce long "worms" of pastry

about 6 mm in diameter. Alternatively, the

dough can be forced through holes provided

with a Playdoh Fun Factory® (Cooper, 1984).

The extruded worms of colored dough are then

cut into cylindrical baits (length 7 mm, diameter

6 mm) and stored in plastic boxes in a refrigera-

tor until required.

Preparation of the Feeding Station

The basic background is a square wooden tray
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(410 mm x 410 mm) filled with 2500 g of small

stones of a single color; there is a choice of

colors to make the prey either cryptic or con-

spicuous. The tray consists of a base of flat

plywood with a strip of wooden beading nailed

along each side to give a 10-mm vertical lip; for

drainage in wet weather, it has four 5-mm holes

drilled in the base. It is designed to fit on a bird

table made from a square piece of plywood the

same size as the tray and screwed through its

center into a 2-M vertical wooden pole dug into

the ground.

An Introduction to Cryptic Coloration

An organism is said to be "cryptic" when it

matches the coloration of its immediate back-

ground (Edmunds 1974; Endler 1981; Allen &

Cooper 1985). The adaptive significance of this

color match is easy to comprehend; in prey, it

decreases the chances of detection by predators,

and in predators, it decreases the chances of

detection by prey. Although work on free-living

and captive predators has produced abundant

evidence for the selective advantage of crypsis

in prey, most of these experiments are not

practicable for use in school. This laboratory

activity demonstrates that crypsis has survival

value.

One of the clearest examples of the power of

natural selection is implicit in the match that

many palatable prey animals have with the

coloration of the background. The more perfect

this "crypsis" (Edmunds 1974; Allen & Cooper

1985), the greater the chances of avoiding

detection by predators dependent on sight. No

great stretch of the imagination is needed to

understand why an uneaten individual is more fit

than an eaten one, and it is hardly surprising that

biology teachers worldwide continue to cite the

story of selective predation in the peppered moth

(Biston betularia) population (Kettlewell 1973)

as a classic example of natural selection.
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Kettlewell (1955, 1956) tested the hypothesis

that selection by sight-dependent predators was

responsible for the rise in the frequency of the

melanic (dark-colored) forms of Biston betularia

following the Industrial Revolution in England.

He performed a series of experiments to check

whether melanics were at an advantage over the

lighter-colored "typicals" because their colora-

tion was a better match to the moths' soot-

covered, daytime resting sites.

He presented caged and free-ranging wild birds

with equal numbers of the two forms against

dark backgrounds (which made the typical

cryptic). The birds removed a higher proportion

of conspicuous moths from each background

than was expected by chance.

Another classic example of the efficacy of

selective predation is provided by "habitat

correlation" in Cepaea nemoralis and C.

hortensis, two species of land snail that are

highly polymorphic for the coloration of their

shells (Cain 1983a & 1983b). In some popula-

tions, those varieties (morphs or forms) that, to

the human eye, are the most cryptic also tend to

be unbanded shells in woodland and yellow five-

banded shells in grassland (Cain & Sheppard

1954). All the morphs and there are many

are inherited, and they occur in proportions

higher than would be expected from recurrent
mutation alone.

By carefully monitoring predation by

songthrushes (Turdus philomelos) on two

isolated populations of Cepaea nemoralis,

Sheppard (1951) was able to show that cryptic

morphs are at a selective advantage because they

are the ones the birds are most likely to over-
look.

Birds are undoubtedly one of the most signifi-

cant groups of terrestrial predators that hunt by
sight. They remove moths, snails, and the more
obvious forms of praying mantis (di Cesnola

1904) and frogs (Tordoff 1980). In this activity

we present simple methods to demonstrate the

general point that wild birds tend to choose

conspicuous varieties of prey and overlook

cryptic ones. Bantock and Harvey (1974)

provide a useful review of a variety of methods

that can be used to simulate selective predation

by birds and humans.

Procedues for Demonstrating and Studying
Cryptic Coloration

The method depends on using white and brown

pastry "baits" as the prey, white and brown

stones as the backgrounds, and wild birds as the
predators.

The 10 mm diameter stones that will serve as the

substrate are washed river gravel of the type
used for surfacing driveways. White and brown

stones were produced by sorting the gravel into

the two color categories. The container for the

stones can be a plywood tray with a lip around

the sides and divided by a piece of wood into

two rectangles of equal size. About 100 g brown

gravel (approximately 2700 stones) is poured

into one half and the same quantity of white

gravel into the other half. The tray is placed on a
sturdy table` away from pedestrian traffic in an

area where birds have come to feed.

In Experiment 1, the birds are given a choice

between equal numbers of the two colors strewn

randomly over each of the two backgrounds.

The null hypothesis is that equal numbers of the

two colors should be taken from each of the two

backgrounds.

For 15 nonconsecutive days, scatter 10 white
baits and then 10 brown baits randomly over

each of the two backgrounds. Predation from a

given background is recorded when approxi-

mately 10 baits have been removed (which was

not easy to judge) or, failing this, at the end of
the day. Search the trays thoroughly for uneaten

prey. (This is extremely important because it is
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essential to eliminate the possibility that hu-

mans, not birds, were responsible for any selec-

tion which was subsequently detected.)

Table 1 gives the results from Example Experi-

ment 1. Near the foot of the table, the grand

totals of baits removed from each background
are compared with the numbers expected,

assuming no selection. It is clear that an excess

of browns was taken from the white background

and an excess of whites was taken from the
brown background. Each of these deviations

from a ratio of 1:1 is statistically significant

signranks test (Siegel 1956). There is an even

greater tendency for the conspicuous color to be

taken on the brown stones.

In the second example experiment, 20 white

baits were scattered on each of the two back-

grounds for 10 trials. Our new null hypothesis

was that there should have been no statistically

significant difference in the number of baits

removed from the two backgrounds. The proce-

dure was then repeated with brown baits. For

each trial we had intended to count the numbers

of baits eaten from the two backgrounds when

Trial
number

White background

Numbers eaten

Brown background

Numbers eaten
white brown white brown

1 4 3 7 0

2 1 0 2 0

3 2 4 4 3

4 6 3 9 4

5 4 6 6 3

6 5 7 9 6

7 3 6 7 1

8 3 6 4 3

9 2 6 7 3

10 0 6 8 1

11 3 8 6 2

12 0 3 9 7

13 3 7 9 4

14 2 8 8 5

15 1 6 9 3

Grand totals 39 79 104 45

Expected 1:1 (59) (59) (74.5 (74.5)

12(1:1)= 13.56, 1 d.f.. p < 0.001 x2(1:1)= 23.36, 1 d.f., p < 0.001

Table 1. Numbers of baits eaten daily in Experiment 1.

when tested by chisquared (bottom row, Table
1).

Another way of analyzing the data is to examine

the selection within the individual trials. Of the

15 trials on white stones, 12 deviated from 1:1 in

the direction predicted, and when the magnitude

of the deviations is also taken into account, this

trend is found to be statistically significant

T = 10.5, p < 0.01, Wilcoxon matchedpairs
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20 baits in total had been removed.

Table 2 gives the results from Example Experi-

ment 2. The grand totals depart from the ex-

pected 1:1 ratios in the directions predicted by

the hypothesis that the birds found white baits

easier to detect on brown stones and brown baits

easier to detect on white stones, although this
deviation is statistically significant for the brown

prey only.
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Examination of the individual trials confirms

that the baits were more likely to be eaten when
resting on the nonmatching backgrounds. In

seven of the trials with white baits, a greater

number of baits were removed from the brown

background in eight of the 10 trials (T = 4.5

p<0.02).

An Introduction to the Maintenance of Color
Polymorphism by Apostatic Selection

Color-pattern polymorphisms are widespread in

most animal phyla and many groups of plants,

One idea that has become popular in some

quarters is that foraging predators might concen-

trate on common morphs and ignore rare ones
(Clarke 1962; Moment 1962; Greenwood 1984;

Allen 1988). As a result of this "apostatic

selection" (Clarke 1962), or "switching"

(Murdoch 1969), fitness would be inversely

related to morph frequency, and thus polymor-
phism would be actively maintained (Figure 1).

Several mechanisms could cause the behavior,

of which the acquisition of "search images"
(Dawkins 1971) for common prey is but one

Trial
number

White prey

Numbers eaten front

Trial
number

Brown prey

Numbers eaten from

white
background

brown
background

white
background

brown
background

16 18 II 13 8

2 19 17 12 15 11

3 15 19 13 14 13

4 16 15 14 I1 12

5 14 18 15 13 5

6 14 17 16 16 9

1 9 16 17 16 11

8 I I 15 18 9 I1

9 12 18 19 17 12

10 16 16 20 18 12

Grand totals 142 169 142 104

Expected I:1 (155.5) (155.5) (123) (123)

X2 (1 :1) = 2.34, 1 not significant X2(1:1) =5.87, 1 d.f., p < 0.05

Table 2. Numbers of baits eaten daily in Experiment 2.

and there is evidence from several of them that

the variation has existed for thousands of years.

A variety of agents of selection have been
identified for example, in the snail Cepaea,

climate and predations are undoubtedly impor-
tant (Jones et al. 1977; Clarke et al. 1978; Cain

1983a, 1983b). However, most of these agents

act directionally, removing certain morphs from

the population while favoring others. How, then

are the populations kept variable? There may be

no simple answer.

BEST COPY AVAILABLE

(Murdoch et al. 1975; Greenwood 1984, 1985).

Predators that concentrate on common prey may
benefit by optimizing their rate of food intake
(Hubbard et al. 1982).

Procedures for Demonstrating and Studying
Apostatic Selection

Apostatic selection, like cryptic selection, can be
tested by feeding artificial prey to birds. If the

aim is simply to measure selection on the prey
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A1= number of prey 1 available
A2=number of prey 2 available
ei=number of prey 1 eaten
e2=number of prey 2 eaten

Thus Ai/(A1 +A2) is the proportion of prey 1 available
to a predator and e1 /(e1 +e2) is the proportion of prey 1

eaten.

AApostatic selection occurs when the proportion
of a prey type eaten by a predator (solid line) deviates
from the relationship expected in the absence of
selection (broken line) such that, when common, a
higher proportion than expected are eaten and, when
rare, a lower proportion than expected are eaten. In
this example there is no additional frequency-
independent selection.

BApostatic selection is less easy to detect when
there is frequency-independent selection against one
of the prey types: in this example prey 1 is nearly
always eaten in a higher proportion than expected by
chance.

CApostatic selection detected by fitting the model
of Manly (1985), where, either:

logio( Ai )

logi
°

A

/ + ( A2
Al - el A2- e

2

(for experiments where prey are notreplaced until the
end of the trial),

or:

13

e1 /A1

e1 /A1 +e2/A2

(for experiments wher the proportions offered have
been constant by frequent replacement of eaten prey).

B ranges from 0 to 1.0; 8=0.5 indicates no selection,
B>0.5 indicates selection against prey 1, and 13<0.5
indicates selection against prey 2. The broken line
therefore depicts the relationship expected in the
absence of selection. The positive slope of the solid
line indicates apostatic selection. The expected
equilibrium frequency is given by the intercept of the
two lines; in this example there is a frequency-
independent component of selection against prey 1. A
negative slope would indicated anti-apostatic
selection.

DApostatic selection detected by fitting the model
of Greenwood and Elton (1979):

el .(VAI)

e
2

A2

where b and V are measures of the degree of fre-
quency-dependent and frequency-independent
selection respectively.

If a range of prey frequencies are used then the
relationship expected in the absence of selection is
indicated by the diagonal broken line in the graph.
Apostatic selection is indicated when the slope (b) of
the solid line is greater than unity (as here); anti-
apostatic selection would be indicated when the slope
is less than unity.

Fig. 1. Detection and measurement of apostatic selection when two types of prey are presented.

populations, then it is often more practicable to

visit the prey at intervals and record the pooled

population.

In this example experiment, 180 green and 20

brown baits are scattered randomly on a grass

lawn (Allen & Clarke 1968). Predation by wild

birds is recorded, and the 9:1 ratio kept constant

by frequent replacement. After a week, the

frequencies are altered so that browns are now

nine times more common than' greens.

Thirteen experiments of this design have con-

firmed that the birds tend to remove the common

color (Allen 1976). Although the birds usually
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ate an excess of one of the colors, whether or not

the color was common or rare, in every case the

selection against the color was greater when it

was common, as predicted by the hypothesis of

apostatic selection.

Specific Instructions for the Apostatic
Selection Activity

1. Select a site known to be frequented by

ground feeding birds (grass lawns are particu-

larly convenient.

2. Make a sufficient number of artificial prey in

two colors (use green instead of white if select-

ing a grass lawn).
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3. Decide on the prey densities and population
size [i.e., 2m-2 and 200 (Allen & Clarke 1968)].

4. Use pegs to map out a grid of meter-squares

to contain the prey.

5. To control for selection independent of
frequency, it is important that at least two
frequencies are presented, say 0.1 and 0.9 of a

given color. Decide (randomly) which frequency

will be presented first. Draw the grid on paper

and plot a random distribution of the appropriate

numbers of the two colors of prey.

6. Using the plan as a guide, distribute the prey

within the actual grid.

7. Either (a) watch the grid for as long as the

prey are presented (if interested in selection by

known individuals or species) or (b) check the

grid at frequent intervals. Record the number

eaten and replace prey to maintain the 9:1 ratio.

Repeat for a number of days (i.e., five days),

changing the distribution at least once a day.

Alternatively, count the proportions eaten after

roughly a certain fraction have been eaten (i.e.,

30%), replenish and repeat.

8. Repeat Steps 2-4, but with the second prey

frequency.

9. Calculate a coefficient (B) for selection

against one of the prey types, using an appropri-
ate formula depending on whether or not eaten

prey were replaced during the experiment on the

opposite page (Figure 1).

For experiments with replacement, if apostatic

selection has been acting, B should be higher

when measured for the population in which

Type 1 was common.

If there was no replacement, then B can be

calculated for each trial, and the statistical

significance of the difference between the

mean B value for each population can be tested

by a t-test or one-way analysis of variance
preferably after normalizing the data using the

arcsine transformation (Sokal & Rohlf 1981).

Additional Suggestions

Little is known abut the influence of prey

palatability. Monomorphism is predicted to

evolve if the prey are unpalatable, because

predators are more likely to learn to avoid

commonly encountered morphs than they are

rare ones. Pastry baits can easily be adulterated

with nasty-tasting substances such as quinine

salts, but the data from predation by wild birds

are contradictory (Greenwood et al. 1981). One

might try varying the prey density and/or form

for another variable.
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DEMONSTRATING THE EFFECTS OF SELECTION

Based on an original activity by
Jamie E. Thomerson

population genetic exercises involving

living organisms are difficult to design
for completion within one lab period.

Therefore, in the population genetics experiment

described here, beans are used to represent genes
in the population gene pool.

Evolutionary Principles Illustrated

Population genetics
Selection

Intended Audience

General biology

Advanced biology

Introduction

The experiment requires approximately 50

minutes to complete, is inexpensive, requires no

special facilities, generates participation, and

introduces students to the idea of predictable
change in gene frequency as a result of selection.

The students should have had some introduction
to population genetics concepts perhaps a
general treatment of the Hardy-Weinberg Law

and some explanation of the concept of
selection before they attempt this exercise.

Materials (to be shared by all class members)

pinto beans (1 lb)
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red beans (1 lb)

coffee can

Procedure

Pinto beans are used to represent the dominant

gene (R) of a pair of alleles and red beans to

represent the recessive allele (r). Other items,

such as beads, marbles, or corn grains, could be

used instead of beans, but the two different

alleles should not be identifiable by touch. In

introducing the experiment, the instructor should
explain that the experiment simulates a situation

where individuals homozygous for a given

recessive allele die before they are able to
reproduce.

The original gene pool is established by pouring

a pound each of red and pinto beans into a

coffee can and thoroughly mixing them. This

gives an original gene pool with about equal

numbers of both alleles. Students in the lab are
divided into 10 groups, and the coffee can is

passed from group to group. One member of

each group, with eyes closed, picks out at

random 10 pairs of beans to represent 10 diploid

individuals. The first coffee can is returned to

the instructor and set aside.

Each student records the genotype of his group's
10 individuals (10 pairs of genes) on a tally

sheet (Figure 1) and then reports the results to

the instructor. The instructor tallies the results

for the whole class and computes the gene

frequency for the whole population of 100
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Generation
Your Group

RR

5

# (7)

Rr

5
rr

0
AR

21

Br

61

Class

rr

18

Total

Yalt

5/.5
ID r

1.8.5O. F.

i I 6 3 4-0 46 /4 63 37

2 5 2 3 52 42 6 73 27

3 10 0 0 55 38 4 77 23

4 7 0 3 68 24- S 8'0 20

5 9 1 0 so iik 6 'g/ /5
Fig. 1. Sample tally sheet completed by student. Each student records his/her group's results and the pooled class results.

individuals (Figure 2). These are recorded by the

class as the originalfrequencies (O.F.) [Figure

1].

The instructor has each group set aside all the

individuals that are homozygous recessive (two

red beans) and return the rest of the genes to a

second empty coffee can. (A remark to the class

about not dropping any of the genes is appropri-

ate at this time.) The instructor explains that the
homozygous recessive individuals have been

selected against that they have been removed
from the breeding population. The new gene

frequency after the removal of the homozygous

recessive individuals is then computed by the

instructor. The new frequencies are recorded by

the class as the first generation (Figure 1).

The instructor then adds enough genes to the

second can to bring the number of genes in the

gene pool back up to 200 (Figure 2). Dominant

%r 61 37.2%
164

odd 18 x2.36 beans

.63x36.23± Pinto (R)

.3706.13+ red (r)

Fig. 2. Instructor's tally for the class results for Genera-
tion 1. The instructor would add red and pinto beans to
make 200 for the next generation.
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and recessive genes are added after each round

in proportion to the gene frequencies after

selection in that round. This addition is neces-

Generations
100

90

80

70

60

50

40

30

20

Q..

0

0 ...

10

O.F. 1 2

%R

3
11.

4 5

%r

Fig. 3. Graph of the results shown in Figure 1; note
flattening of curves. The graph coordinates were repro-
duced on the same sheet of paper as the students' tally
form.

sary to the mechanics of the experiment and

does not seem to confuse the students.

I originally planned to pass the second coffee

can, containing the 200 genes, from group to

group and let each group pull out 10 pairs at
random for the next generation. In actual prac-
tice, our labs have students sitting at tables, so

we have a student from each table come to the

front of the room with a paper cup. The instruc-

for divides the 200 genes among the three cups.

The division is by eye, and the students quickly

understand that excess genes in the cup go to

those groups that are short. This does not have

much effect on the randomness of drawing the
genes, and the mechanics of this step can be

adjusted for a wide range of situations.

As soon as each group has recorded and reported

the genotypes of its 10 individuals, the student

groups set aside their homozygous recessive

individuals and return the rest of the genes to the

second coffee can. The instructor computes the

gene frequency for the population after selec-

tion; these are recorded by the students as the
second generation (Figure 1). The instructor then

returns the population back to 200 genes in

proper proportion, and the procedure is repeated

for the third generation. In one class period, five

generations beyond the original population can

easily be run.

Students may plot the values for each generation

on the graph (Figure 3) as they are obtained, or

they may wait until the end of the experiment.

We have run this experiment more than 100

times and have obtained results similar to those

shown in Figure 3 each time.

As would be expected, the frequency of the

recessive gene drops rapidly at first, but after
two or three generations, the curve flattens out.

After participating in this experiment, students

easily grasp the point that there is an initial rapid

shift of gene frequency in response to strong

selection but that deleterious recessive genes are

very difficult to completely remove from the

gene pool.

Even after participating in this experiment,

students may not immediately appreciate the

results of selection when the dominant gene is

lethal. Picking 10 individual pairs out of the
gene pool and then removing the individuals

having the dominant genes demonstrates the
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point that dominant lethal genes are immediately

removed from the population.

The experiment outlined previously demon-

strates a very simple situation, but the procedure

could easily be modified to simulate more com-

plex situations for example, the effects of

mutation, partial lethality or selection against the

heterozygote. However, the population seems to

be too small to guarantee a reliable, convincing

demonstration of the Hardy-Weinberg law, and

doubling the size of the sample might help.

Although Hardy-Weinberg is covered in detail

in lecture format, there does not seem to be

much interest in further laboratory investigation.

Author Acknowledgment

I first became aware of this kind of simulation

experiment in a populationgenetics course
taught by E. Peter Volpe of Tulane University.

Several of my present colleagues there have

offered helpful suggestions.
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the permission of the publisher.
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A MODEL OF MICROEVOLUTION IN ACTION

Based on an original activity by
Larry A. Welch

The following activity is designed to help

students understand the precepts of the

Hardy-Weinberg principle and simulta-

neously permit observation of a model of
evolution through natural selection.

Evolutionary Principles Illustrated

Adaptation

Hardy-Weinberg equilibrium

Selection

Introduction

This activity uses students as predators equipped

with a variety of prey-capturing structures, such

as knives, forks, spoons, forceps and hands, in

much the same fashion as in the related activity,
Birds and the Beaks. The prey are ordinary dried

beans of several colors. When these "prey" are
distributed around the "environment," the

"predators" begin capturing prey quickly.

Prior to this activity, it is important to discuss

the Hardy-Weinberg principle if that aspect of

this investigation is to be illustrated. Knowledge

of Hardy-Weinberg equilibrium will help insure

that students have the background to establish

that microevolution (change in gene frequencies)
is indeed occurring in the experimental popula-

tions. Hardy and Weinberg established the fact

that sexual reproduction by itself will not usually

result in changes in gene frequency. The Hardy-
Weinberg expression is:

(p + q)2 = p2 + 2pq + q2

where:

p = the frequency of allele A

q = the frequency of allele a, and

p + q = 1.

Hardy and Weinberg independently arrived at

the same conclusion when they established the

principle that gene frequencies will not change

in population if there is:

1. Absence of random mating.

2. No migration (in or out).

3. No mutation (or equal mutation).

4. No natural selection.

5. No genetic drift (random change of allele

frequency as occurs in small populations).

Biologists know that all of these phenomena can

and do act on populations. Therefore, an evalua-

tion of changes in gene frequency becomes a

mechanism for evaluating evolutionary direction

and rate.

Intended Audience

General biology

Advanced biology

Materials (for each student group)

plastic drinking cup

capturing device for each student, such as a
plastic spoon, a fork, a knife, forceps or a hand
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package of dried beans of

each of the following

colors: white, red (brown),

spotted and black

computers with a spread-

sheet to calculate and graph

results

data sheets on which to

record results

Discussion

The activity works well with

classes up to 24 students.

Above that number, it may be

necessary to modify the

70%

60%-

50%-

40%-

30%-

20%-

10%-

0%
2

GENERATION

-- Forceps + Hand * Spoon
e Fork m Knife

Fig. 1. Selection among predators.

procedure to compensate for the large number of

"predators."

The time required is approximately two hours. If

your class periods are shorter, consider conduct-

ing the hunts during one class period, organizing

data in a second period, and analyzing data in a
third period.

Space requirements are minimal and, if class

size permits, can be as small as an area 20' x 20'.

Grassy lawn is the preferred surface, but almost

any type of surface (grass, concrete, asphalt,

etc,) will do.

Students may use a form similar to that in Table

1 (following this activity) to record the number

of "kills."

Calculated cells within the table are best left to
the computer. Hand calculations are good

practice for the student. If used, however, your

class will probably run out of time before
achieving your teaching objectives.

Tables 2-4 (see page 106) are copies of spread-
sheets (complete with data ) that can be used to

enter class records. Once entered, graphing the

data is not difficult, and you will find that graphs

BEST COPY AVAILABLE

(see Figures 1 and 2) will be appreciated by

visual learners and useful to all students in

depicting emerging trends.

Specific Directions

1. Count out exactly 100 dried beans of each of
the four colors. Mix these together thoroughly in

a single container and spread them evenly over
the "habit" surface.

2. Upon an established signal, predators are

permitted to begin capturing prey, but they must

observe the following rules:

a) At the instructor's signal, predators are to
begin hunting and continue for three minutes.

During this time, the predators will attempt to

capture as many prey as possible, without
regard for color.

b) Predators must use their capturing devices to
capture their prey.

c) Predators may not scoop prey from the

ground with their cup. (The cup must not
touch the ground.)

d) At the sound of the "stop" signal, the class
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must stop. Prey in the capturing device but

not in the cup must be released.

3. Each predator determines the number of prey

captured. All predators using the same capturing

device aggregate their totals, and the total

number captured is entered on the computer (or

data sheet).

4. The average number of prey captured for

each type of capturing device is determined, and
those predator types not capturing at least the

mean number of prey are now "extinct." (These

students return to the activity as "offspring" of
those predators who captured more than the

mean number of prey.)

5. From the totals of each color of bean cap-
tured, natural selection may be observed di-

rectly. That is, there will be a natural tendency

for one of the colors to be more commonly
captured and others to be less frequently cap-

tured.

6. From the number of beans of each color

captured, determine the number of beans of each

color still remaining in the environment. The

computer spreadsheet will calculate this infor-

mation for you. (A complete printout of cells

and formulas for the spreadsheet appears in

Figure 3 on page 107.)

7. Assume that each prey specimen remaining
in the environment will reproduce. Count out

one bean of the appropriate environment. If 65

red beans were captured, you would know that

there are 35 remaining in the environment that

can reproduce. In this mode, we are ignoring

other forces that tend to decrease populations.

Therefore, count out 35 additional red beans to

be added to the environment before the next

hunt begins.

Fig. 2. Selection among prey.

8. Repeat this procedure for each of the colors

of prey. Record the new "beginning" population

sizes and return the predators to the field for

another three-minute hunt.

9. Repeat as many times as the class period
permits and keep accurate records of changes in

population numbers of both

prey and predators.
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10. Divide the class into

groups to analyze and report

to the rest of the class what

happened to each kind of

predator and prey. A master

data form on the chalkboard

provides an opportunity for

students to enter their contri-

butions in the appropriate grid

and gives the entire class

access to the data.

11. You may wish to con-
struct a "super graph" on

which you plot the ascension

of successful populations and

the demise of unsuccessful

populations.



Table 1. Sample data sheetNumber captured. Generation

White Black Red Spotted Total
Percent

Captured

Forceps

Hand

Spoon

Fork

Knife

Total Kills

Survivors

% Surviving

Table 1. Sample data sheet Number captured. Generation

12. Ask your students to prepare a written

report of what happened in this mock predator/

prey interaction. Be sure to ask them to explain

their understanding of why some creatures
became more numerous and others became less

numerous.

Your students will begin to grasp the concept of

change in populations over time and to recog-

nize that populations, not individuals, evolve.

Microevolution in action opens doors for

discussion of topics in genetics, population

biology, competition and natural selection. It

also presents evolutionary concepts in a non-

threatening fashion and stimulates discussion

and interaction among students and between

students and the instructor.

If possible, run the laboratory procedure for one

class from a lawn environment and a second one

from a snow-covered area. The differing results

emphasize the significance of environment in

survival of organisms and underscore the fact

that each organism lives or dies based on its

inherited characteristics and the environment in
which it is found microevolution in action!

Reference

This activity has been adapted from an exercise

by L.A. Welch (1993). A Model of microevolu-

tion in action. The American Biology Teacher,

55(6), 362-365, and has been modified and
reprinted with permission of the publisher.
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(Top) Table 2. Predator/prey interaction Generation 1. (Middle) Table 3. Predator/prey interaction Generation 2.
(Bottom) Table 4. Predator/prey interaction Generation 3.

Population
Prey Color

100
White

100
Black

100
Red

100
Spotted

400
Total

Percent
Captured

Forceps 15 5 13 2 35 21.47%
Hand 22 9 15 2 48 29.45%
Spoon 11 2 11 9 33 20.25%
Fork 10 3 8 5 26 15.95%
Knife 5 5 10 1 21 12.88%

Total Kills 63 24 57 19 163

Survivors 37 76 43 81 237
% Survived 37.00% 76.00% 43.00% 81.00% 59.25%

Population 111 228 129 243 711 Percent
Prey Color White Black Red Spotted Total Captured

Forceps 21 18 12 18 69 26.34%
Hand 22 13 31 29 95 36.26%
Spoon 18 20 30 30 98 37.40%
Fork 0 0 0 0 0 0.00%
Knife 0 0 0 0 0. 0.00%

Total Kills 61 51 73 77 262

Survivors 50 177 56 166 449
% Survived 45.05% 77.63% 43.41% 68.31% 63.15%

Population 100 354 112 332 898 Percent
Prey Color White Black Red Spotted Total Captured

Forceps 0 0 0 0 0 0.00%
Hand 32 42 38 44 156 59.54%
Spoon 21 23 25 37 106 40.46%
Fork 0 0 0 0 0 0.00%
Knife 0 0 0 0 0 0.00%

Total Kills 53 65 63 81 262

Survivors 47 289 49 251 636
% Survived 47.00% 81.64% 43.75% 75.60% 70.82%
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Fig. 3. Spreadsheet cell formulas.

Al:

A3:
B3:
C3:
D3:
E3:
F3:
G3:
A4:
B4:
C4:
D4:
E4:
F4:

G4:

A5:
B5:
C5:
D5:
E5:

F5:
05:
A6:
B6:
C6:
D6:
E6:
F6:
G6:
A7:

B7:

C7:
D7:
E7:
F7:

[W11] 'Predator/Prey Interaction
Generation One
[W11] 'Population
[W8] 100
[W9] 100

[W8] 100

[W8] 100

[W7] @SUM(B3 . E3)
'Percent

[W11] 'Prey color
[W8] 'White
[W9] 'Black
[W4] 'Red
[W8] 'Spotted
[W7] 'Total

'Captured
[W11] 'Forceps
[W8] 15

[W9] 5

[W8] 13

[W8] 2

[W7] @SUM(B5 . . E5)
(P2) (F5/F11)
[W11] 'Hand
[W8] 22
[W9] 9

[W8] 15

[W8] 2

[W7] @SUM(B6 . . E6)
(P2) (F6/F11)
[W11] 'Spoon
[W8] 11

[W9] 2

[W8] 11

[W8] 9

[W7] @SUM(B7 . . E7)

G7:
A8:
B8:
C8:

D8:

E8:

F8:

G8:

A9:

B9:

C9:

D9:

E9:

F9:

G9:

All:

B11:

C11:

D1 l:

Ell:
F11:

Al2:
B12:

C12:

D12:

E12:

F12:

A13:

B13:

C13:

D13:

E13:

F13:

(P2)
[W11]
[W8]

[W9]

[W8]

[W8]

[W7]

(P2)

[W11]

[W8]

[W9]

[W8]

[W8]

[W7]

(P2)

[W11]

[w8]

[W9]

[W8]

[W8]

[W7]

[W11]

[w8]

[W9]

[W8]

[W8]

[W7]

[W11]

(P2)

(P2)

(P2)

(P2)

(PS)

(F7/F11)
'Fork
10

3

8

5

@SUM(B8 . . E8)

(F8/F11)

'Knife
5

5

10

1

@SUM(B9 . . E9)

(F9/F11)

'Total Kills

@SUM(B5 . . B9)

@SUM(C5 . . C9)

@SUM(D5 . . D9)

@SUM(E5 . . E9)

@SUM(F5 . . F9)

'Survivors
(B3-811)
(C3-C11)

(D3-D11)

(E3-E11)

(F3-F11)

'% Survived
[W8] (B12/B3)

[W9] (C12/C3)

[W8] (D12/D3)

[W8] (E12/E3)

[W7] (F12/F3)
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VIII. PROPOSING PHYLOGENIES

0 ne of the goals of taxonomy is to provide an outline of "descent with modification" or, in corn
mon language, to produce family trees. Taxonomists use a wide variety of evidence to produce

natural groupings of organisms that are both related to each other and descended from or ances-

tors of other more distantly-related species.

Students develop the ability to classify quite early in their intellectual development but, for the most part,

use superficial or unimportant characteristics in developing their personal taxonomies. This type of

artificial classification explains why whales and fish are seen as close relatives even by many adults.

Once students can look past superficial characteristics, such as color or basic shape, they can begin to

"weight" some traits or characteristics as more important than others in their proposals of relationships

and lines of descent.

The various activities in this section afford teachers wonderful case studies of classification. Students

examine nuts, bolts, laboratory glassware, aluminum pull tabs from beverage containers, and imaginary

creatures called "Caminalcules" to propose classification schemes. In addition, following each proposal of

a "relationship" with any of these objects, students are asked to defend their choices to help them become

more familiar with the notion of natural vs. artificial classification plans.

Using the method outlined above, students will become much more familiar with the actual process of

classification, which at its core, is a human construct. As in other sections, a wide variety of activities is

presented so that some exercises can be used for instruction and others applied to authentic assessment.
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USING ALUMENONTOS TO INTRODUCE
EVOLUTION AND PHYLOGENY

Based on an original activity by
Steven J. Hageman

This activity uses different types of pull

tabs from aluminum beverage cans

("alumenontos") to represent organisms

(taxa) that seem to have had a common ancestor.

Students engage in exercises where they propose

a phylogenetic relationship between these

organisms. In addition, ideas showing how

classification and biostratigraphy may also be
demonstrated by using these curious creatures

are also suggested.

Evolutionary Principles Illustrated

Systematics

Biostratigraphy

Phylogeny

Introduction

Availability of adequate specimens for teaching

general paleontologic principles is often a

problem. This is because effective demonstra-

tion of paleontologic principles of taxonomic

hierarchy, evolution, phylogeny, and biostratig-

raphy requires many well preserved, related

specimens from a range of geologic times. Even

large collections of a wide variety of fossil

groups ideally suited for teaching systematics
and morphology may not be appropriate.

When an adequate collection is available,

students still have difficulty with subtle tech-
niques, such as species recognition, because

such concepts require considerable biological

knowledge. Problems encountered with system-

atics can limit the use of biostratigraphic and

phylogenic exercises that have recognition of

discrete taxa as a prerequisite.

Therefore, objects well suited for teaching

should be relatively simple, yet diverse and

abundant, and students should have no precon-

ceived ideas about their classification. The tabs

used to open aluminum beverage cans fit these

criteria. These "alumenontos" are treated as

skeletons, rather than complete organisms, to
simulate the problems of paleontologists, who

work most frequently with hard parts.

The following is an outline of several of the
paleontologic principles that can be introduced

with alumenontos. The purpose of this activity is

not to introduce the principles themselves but to

show how they are reflected in an alumenonto

model.

Intended Audience

General biology

Advanced biology

Materials (for each student group)

100 assorted aluminum can pull tabs

Procedure

The students are divided into small groups, and

each group is given approximately 100 mixed

alumenontos and told to sort them into species.
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Students discover that, even with such relatively

simple objects, it is possible to'create two

identical groups or even to further subdivide

groups on closer inspection. Alumenontos have
an advantage over real organisms in that the

"species" (discrete types) are clear.

Students should be made aware that there is

virtually no intraspecific variation among
alumenontos, which is often not true of real

organisms. It may even be appropriate to show

real examples of extreme intraspecific variation

to emphasize the point. Organisms that experi-

ence a strong environmental influence on their

morphology, such as oysters, make good ex-

amples.

The students select a representative from each

species (the concept of type specimens can be

introduced at this time, if appropriate), and the
instructor assigns numbers to each morphotype

so that students can refer to taxa by numbers for

later comparison. Labeled adhesive tape at-

tached to representatives of each taxon works
well. After the specimens have been sorted into

species, the class characterizes the alumenontos

group as a whole.

Many questions are opened for discussion, such

as the proper orientation of the organism, the
composition of the skeleton, symmetry elements,
and whether the skeleton is internal or external.
Some other questions that arise are: Is each

object an organism in and of itself or simply a

small element of one organism? Are the objects
molts representing the ontogeny of several

species? Students can speculate on functional
morphology of alumenontos and the life mode of

the organism from which they came (members

of the phylum A lumentophora, of course).

Obviously, there are no right or wrong answers

to these questions when applied to alumenontos.

What is more important is that students discuss

what constitutes valid evidence to answer these
questions. Students should realize that this part
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of the exercise is not unlike working with extinct

taxa that have no living relatives. "How could

you tell if...?" may be a more appropriate

preface for many of the questions.

Students are then instructed to group their type

specimens into a taxonomic hierarchy. They

make a list of all the characteristics that are used

to classify alumenontos: short lists of characters

that typify species within each genus and

separate lists of characters used to differentiate

among genera. Classifications are then com-

pared among groups of students, and the reasons

for different interpretations (different characters

chosen and varied degrees of weighing applied)
are discussed. Once again, there are no right or

wrong answers, although some classifications

are more defensible than others.

A potential weakness of the alumenontos model

may be its limited diversity (relative to the 37

"species" of the Burns' [1968] hardware model).

However, in one possible classification of

readily available material, I "found" 13 species,

five genera, three families, and two classes (see
Figures 1-5 on pages 115-116). This seems

adequate to demonstrate the concepts. The

concept of homology is introduced with the

specimens shown in Figure 6 (see page 116).

Regarding the questions of sexual dimorphism

versus intraspecific variation versus ontogenetic

variations, subspecies are introduced with the

specimens shown in Figure 7 on page 116. Once

again, the questions are phrased in the context

of, "What lines of evidence would you seek in

order to decide whether these are sexual

dimorphs of one species or two different subspe-

cies?"

There is no great degree of size variation among

alumenontos, so clear developmental sequences

are not readily modeled. Unfortunately, this

precludes studies designed to recognize differen-

tial growth patterns. However, speculation as to

why there is an absence of size variation allows



for a great deal of discussion, with many plau-

sible answers.

The students are then instructed to construct a

phylogenetic diagram representing the evolu-

tionary sequence of alumenontos. When fin-

ished, they compare their taxonomic hierarchy to

their phylogenetic reconstruction to see if the

two are compatible. If not, they discuss the

problems encountered and decide whether they

wish to alter their classification or phylogenetic

interpretation.

It is also interesting to note whether similar

characters appear at different times in their

phylogenetic reconstructions. In addition, the

students compare phylogenies among groups of

students and discuss different interpretations. It

soon becomes clear that different workers

perceive primitive and derived characters

differently. Figure 8 shows a possible phyloge-

netic reconstruction for alumenontos.

Alumenontos can be used to introduce many

biostratigraphic principles. For example, in one

laboratory exercise, students are given copies of

Table 1 (without species ranges or zone columns

completed) and asked to label examples of each

of the 13 species. Then, on a separate sheet, they

are given the stratigraphic ranges of each species

and instructed to fill in the range columns of

Table 1, corresponding to the time column.

In the first part of the exercise, students are

given five separate assemblages of alumenontos

and are instructed to work out the time range for

each of the five samples. The students are told
that the samples are exhaustive (level of classifi-

cation) for a given locality, so absence of a

taxon is as important as presence. For example,

if an assemblage consists of species numbers 2,

4, 6, 8, and 10, the students must first identify

them as such and then apply biostratigraphic

principles to recognize that the assemblage came
from times 13-16.

Table 1. Units of time are represented on the left and
species number across the bottom. Species duration is
represented by cross hatching, and a zonation scheme

is shown on the right.

In the second part of the exercise, the students

construct a biostratigraphic zonation scheme for

the 13 species. For this part of the exercise, they

consider that an absolute time scale is not

available, only stratigraphic ranges. The students

zonation schemes are exhaustive, as shown in

the zone column of Table 1. The students'

identify the nature of each zone (range, concur-

rent range, or interval) and come to understand

the concepts of biozone versus biohorizon and

their relationship. The students are then given

three assemblages, collected from the same
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Top: Fig. 1. Dorsal and ventral views of four species
assigned to Genus A, Family A, Class A. Bottom: Fig. 2.
Dorsal and ventral views of two species assigned to
Genus B, Family B, Class A.
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region from which the zones

were constructed, and are

asked to provide an age

range based on their

biozones. The assemblage in

part one would come from

Zone VI.

Next, students are given

three assemblages, suppos-

edly sent to them from a

colleague in Europe who

would like to correlate with

North American

alumenontos biostratigraphy.

The students are cautioned

that problems may be

encountered in correlation

over longer distances (for example, absence of

data may not be reliable) and are asked to

discuss any data problems encountered.

Two nonexhaustive assemblages are provided

for identification. For example, an assemblage

of Species 4, 9 and 11 would range through

Zones VII and VIII. The third assemblage

consists of at least two taxa whose ranges do not

overlap in this example and an odd specimen not

among their 13 morphotypes. The students are

expected to recognize from this situation that

zonation schemes may not be usable when

carried too far from the region for which they

were constructed.

Several exercises suitable for an introductory

class have been introduced here, but more

complex exercises, such as ones dealing with

phenetic and cladistic classification,

paleobiogeography, or advanced biostratigraphy,

could be constructed using alumenontos as a

model.
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This activity is based on an original exercise by

S.J. Hageman (1989). Use of alumenontos to

introduce general paleontologic and biostrati-

graphic principles. Journal of Geological
Education, 37(2), 110-13, and is modified and
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Top left: Fig. 3. Dorsal and ven-
tral views of four species as-
signed to Genus C, Family B,
Class A. Top right: Fig. 4. Dorsal
and ventral views of one spe-
cies assigned to Genus D, Fam-
ily C, Class B.

Bottom left: Fig. 5. Dorsal and
ventral views of two species
assigned to Genus E, Family B,
Class A. Bottom right: Fig. 6.
Dorsal view of four species, dis-
playing homeomorphy between
two genera.

Investigating Evolutionary Biology in the Laboratory 115

107



-

7

Fig. 7. Dorsal and ventral views of two
taxa, which may be interpreted as sexual
dimorphs of one species, oras two closely

related species.

a

8

Fig. 8. A hypothetical phylogenetic reconstruction of
alumenontos evolution.
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A SIMULATION MODEL APPROACH TO THE STUDY OF EVOLUTION

Based on an original activity by
John A. Dawes

/n this simulation, students are provided with

an assortment of laboratory glassware that

they are asked to classify. This proposed

classification scheme must be based on some

perceived evolutionary trend, such that one piece

of glassware is thought to have "descended"
from another. Students write their reasons for

any classification scheme proposed and draw a

chart showing the lines of descent.

Evolutionary Principles Illustrated

Systematics

Phylogeny

Introduction

Organisms exist in their present form because

they have evolved through time from more

primitive ancestors. Therefore, it seems logical

to add an evolutionary aspect to the treatment of

classification. This would place organisms in
their proper context. The following exercise

attempts to combine both these aspects of

evolutionary biological course work.

Intended Audience

Life science

General biology

Materials (for each student group)

selection of laboratory glassware (20 items),

including various sizes of boiling and Erlen-

meyer flasks, beakers, etc.. ( Figure 1 below)

Procedure

It is important that each student group be

Fig. 1. Sample selection of glassware.
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provided with the same selection of laboratory

apparatus.

The groups are then set to the task with only the

following minimum guidelines to be followed

by the student members:

1. Arrange (classify) the selection of laboratory

apparatus into logical groups.

a rearrangement of the material in an evolution-

ary context. Further stages of finer ready move-

ment may follow.

When each group has completed its classifica-

tion, a written report is compiled giving reasons

for the decisions made along the way. If there is

not enough time during the session for compila-

tion of reports, then notes, at least, should be

Fig. 2. Evolutionary relationships.

2. Make sure that these groupings reflect
evolutionary relationships such as those pro-

posed in Figure 2.

Teams typically first briefly discuss their overall

apparatus. The articles of laboratory items,

numbering at least 20, are then grouped accord-

ing to their overall similarities and differences

without any consideration of evolutionary

relationships.

Next comes a period of readjustment during

which subgroups of articles are formed by

"splitters," and larger groups are formed through

amalgamation of two or more of the original
groups by the "lumper." The third stage involves
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prepared. The report should be ready in its final

form by the next class session.

This next session should be dedicated to discus-

sion, with each group describing its own classifi-

cation for the class. Students are encouraged to

criticize and question the arguments put forward.

If each group is given a few minutes to recon-

struct its classification of the article prior to the

discussion, criticisms and questions can be

accurately directed at the sections in question.

The exercise concludes with a summary of the

principles of classification in an evolutionary

context. This summary is either provided by the

teacher or obtained from classroom discussion.
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Discussion

Students should be given an opportunity to try

other items. A wide selection of textbooks or

library books would work. Similarly, writing

implements, such as pens (fountain, ballpoint,

felt-tipped, quills); pencils (soft, medium, hard);

crayons; drawing charcoal; or chalks of various

types and colors, would be suitable.

However, laboratory apparatus is probably the

most practical material. Storage containers,

accessory apparatus (tubing, funnels, beakers or

other vessels) are particularly suitable because

of the wide range of shapes and sizes available.

In making the selection, take care to include

some examples of vertical shapes of varying

sizes. Whatever choice is given, it is reasonably

safe to assume that different groups will arrive at
different arrangements.

As a follow-up exercise, ask individuals (or

groups) to consult relevant literature and select

one organism to study at greater depth. (The

natural history section of the local museum or

library may prove helpful in this respect.) The

end product of this investigation would be a

report outlining the evolutionary history of the

chosen organisms. Suitable subjects might

include the Galapagos finches or giant tortoises,

the various species of rhinoceros or zebra, the
herring and black-backed gulls (Larus

argentatus and L. fuscus), and the great tit

(Parus maior). The last two are examples of ring
species and provide a wealth of opportunities for

investigating evolutionary processes.

Suggested Discussion Questions

1. Which criteria can be used in classification?

2. Is the morphology of an organism more
important than other factors?

3. If not always so, when can morphology be
considered as of the utmost importance?

4. Cannot similar morphologies be found in
unrelated organisms?

5. What is the minimum variation that is

considered significant in the separation of

organisms into species, genera, families?

6. Can this minimum variation actually be
defined?

7. When do different "forms" need to be
considered in the classification of organisms?

8. Do ecological/behavioral/geographical

factors play any part? If so, how?

9. Can we actually define a species accurately?

10. Can we ever devise a completely natural,
rather than artificial, classification?

11. Is it even desirable to propose a natural
classification scheme?

Reference

This activity is based on an original exercise by

J.A. Dawes (1977). A simulation model ap-
proach to the study of evolution. Journal of
College Science Teaching, 7(2), 102-4, and is

modified and reprinted with permission of the
publisher.
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ILLUSTRATING PHYLOGENY AND CLASSIFICATION

Based on an original activity by
John M. Burns

Amodel consisting of pieces of hardware

(nuts, bolts, screws, etc.) representing
animal species in a single phylum may

be used to teach problems of taxonomy and the

arbitrariness, subjectivity and limitations of
higher classifications. Students find this model

challenging, stimulating and thought-provoking

it is simple, durable, inexpensive and easy to

manipulate. It fits comfortably in one laboratory

period, involves a minimum of characters, and

presupposes no familiarity with the morphology

and accompanying jargon of any particular

group of organisms.

Evolutionary Principles Illustrated

Systematics

Phylogeny

Introduction

This laboratory exercise is designed to illumi-

nate major problems commonly encountered in
the synthetic taxonomic process of determining

higher categories. Students are often only dimly

aware of problems at this level and, in particular,

of the arbitrariness, subjectivity and limitations

of the higher levels of classification. Classifica-
tion schemes themselves are undeniably useful,

but are used blindly by many students.

Intended Audience

Life science

General biology

Materials (for each student group)

set of approximately 30 assorted pieces of

hardware, such as nuts, bolts, etc. (See

Figure 1 on page 121.)

Procedures

Part I

Each group of students will receive an envelope

(marked "Classification") containing the as-

sorted pieces of small hardware. (Do not mix the

contents of any two envelopes.)

Each object represents a different species of

animal. Have students study these "organisms"
carefully, comparing each species with every

other species to detect similarities and differ-

ences among them. Use all available "taxonomic

characters" to work out the relationships be-

tween the organisms and to arrange them in an

orderly hierarchic scheme that more or less

reflects these relationships. Assume that all of

these animals belong to a single phylum and

limit your classification of them to the following

taxonomic categories: class, order, family,

genus, species. It is a good idea to avoid finer

subdivisions such as superorder of subfamily.

Some species may be considered more primitive

than others and perhaps directly ancestral to
others. (Hence, some of the "specimens" with

which you are working may be "fossils" rather

than recently collected specimens of living
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Fig. 1. A typical first look at the various "species" of this model.

species.) You will have to make considerable

use of linear measurements as characters.

Assume that there is no appreciable variation

within each species.

After contemplating the entire problem, students

prepare a formal presentation of the interpreta-

tions, as follows:

1. Make a phylogenetic diagram of all the
species.

2. Make a classification embracing all the
species. As you establish this classification, give

the characteristics of each taxonomic group.

3. Steps 1 and 2 are intricately related. Justify
both your phylogenetic arrangement and your

classification by explaining, for example, why

you have judged some forms to be more primi-

tive and others more advanced, why you have

seen fit to make the groupings that you have,

and so forth.

4. Discuss the following questions briefly:

a) How is phylogenetic relationship inferred
from morphology?

b) What difficulties arise in the process of
translating a phylogenetic diagram into a

classification?

c) Is information lost in this process?

d) What arbitrariness, if any, is inherent in
the practice of modern evolutionary
taxonomy and classification?

5. Construct a dichotomous key (which can be
artificial rather than natural) allowing ready and

rapid identification of each species.
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Students are often astounded when they first

pour out their hardware (Figure 1). Some laugh.

A few may stare blankly at the parts for minutes

on end. Such individuals may need comments or

questions to get started.

In general, the best procedure is (1) to leave the

students alone, letting each pour over his/her

hardware and ponder his/her own phylogenetic

arrangement and the tentative groupings he/she

would make in shifting from phylogeny to

classification; and then (2) to encourage the

students to compare notes. They are usually
surprised at how much their interpretations
differ and frequently get into heated but healthy

arguments.

Students may disagree strongly much like

professional taxonomists about what is

primitive and advanced (and what these terms

mean), about what direction an apparent se-

quence takes (e.g., small to large or the reverse),

about what could conceivably give rise to what
in short, about most of the relationships they

are trying to determine.

Occasionally, students may ask in real

anguish if some characters are more impor-

tant than others? For example, are differences in

color or size as trivial as they often appear to be?

Is it true with living organisms, as it seems to be

here, that what are good characters in one group

are not necessarily very helpful in another?

Some students are disturbed to learn that there is

no one correct solution, that the exercise is

anything but black and white, and that (given the

information in the various "species" and the

rules of the model) many interpretations are

acceptable. Most realize that, despite this, there

are numerous arrangements and groupings that
are plainly indefensible. Almost all come to

discern a series of parallels between the model

and the biological situation.

The model not only emphasizes the difficulties
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and differences of opinion among workers in

establishing a phylogeny with incomplete data at

hand (the standard condition) but also drives

home the ways in which information is lost in

going from an evolutionary diagram to a hierar-

chic classification. Students grapple directly

with such conflicting forces as splitting versus

lumping and, more importantly, vertical versus

horizontal classification and are often severely

distressed when they recognize that, in some

instances, they cannot avoid rather arbitrarily

placing related species in different major groups.

Even if two students agree on a phylogeny, they
may yet produce different but valid classifica-

tions consistent with that phylogeny. For ex-

ample, some students want to discard the screw

eye. Some of those who perceive that the screw
eye will not readily fit in their phylogenetic

scheme are brought face-to-face with the con-

cept of convergence. They find it easiest (but

still not altogether satisfying) to suggest inde-
pendent origin of threads in the screw eye and

the screws.

Most students find the exercise challenging and

imaginative. They usually emerge from it more

appreciative of the difficulties of practicing

taxonomy, somewhat disillusioned with and

bothered by classification, aware of many of the

limitations of our system, and prepared to take

classifications, in the future, with a grain (at

least) of salt.

Part II

In Part I, the students were asked to assume that
appreciable intraspecific variation is nonexistent.

This like many other features of this exercise

is a huge oversimplification.

Take one of the envelopes marked "Samples." It
contains samples of 21 "adult males" of each of

two "species" collected at the same time and

place. (Individuals of both species are repre-

sented here by wires; the color of the wire serves
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to distinguish the two species.) Assume that
each sample perfectly reflects the population

from which it was drawn, and further assume

that each population was exposed throughout its

development to identical environmental condi-

tions so that individual variation in the sample

stems from genetic variation in the population.

Measure each individual in both samples to the
nearest half-centimeter, record the measure-
ments, calculate the mean length for each

sample, compare the two means thus obtained,

and then plot the frequency distribution for each

sample in the form of a bar graph, with length

increasing to the right along the abscissa and
number of individuals increasing upward along

the ordinate.

Suggested Discussion Questions

Place the resulting histograms one above the

other (see Figure 2).

1. On what basis, other than color, can you
distinguish the two species? If you had only one
or two specimens of each species, could you tell
them apart using this character? Explain.

2. If the environment in which these two species
live should undergo relatively rapid change,

which species might have the better chance of
surviving? Why?

Reference

This activity is based on an original exercise by
J.M. Burns (1972). A simple model illustrating
problems of phylogeny and classification.
Systematic Zoology, 17(1), 170-173, and is
modified and reprinted with the permission of
the publisher.
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Fig. 2. Variation in "body" length in samples of each of
two "species" of wire.
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THE CAMINALCULE FAMILY TREE

Based on an original activity by
D.J.- Smith

This simulation involves studying draw-

ings of members of an imaginary phylum

of animals called "Caminacules."

Students are presented a series of open-ended

problems in evolutionary biology and taxonomy,

starting with an investigation of some of the

basic principles of classification. The lack of

definite relationships between the different

evolutionary lines means that any hypotheses in

agreement with the data may be considered

valid.

Evolutionary Principles Illustrated

Phylogeny

Systematics

Introduction

The Caminalcules are members of a phylum of

imaginary organisms invented by the late Dr.
J.R. Camin of the University of Kansas as the

basis for a series of advanced exercises in

numerical taxonomy, as described by Sokal

(1966).

"Caminalcules have been found to be a

useful device for teaching aspects of tax-

onomy and evolutionary biology because

they are completely hypothetical and can be

custom made to suit the requirements of a
particular exercise. In addition, a restricted

range of characteristics can be displayed, so

that the amount of information available to

students may be controlled, and they have
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been found to be amusing to students across

a large range of age and ability."

Intended Audience

General biology

Advanced biology

Materials (for each student group)

set of Caminalcule drawings

scissors (optional)

Procedure

In developing a series of "caminculoids" for

school use, no attempt was made to follow

Sokal's rather advanced treatment or to apply

the strict rules of design originally suggested by

Camin. Six basic forms were drawn, as shown in

Figure 1. They represent some body plans

appropriate to life on land, in water, and in the

air.

From these basic six types, new forms were

designed along what seem to be biologically

consistent lines to represent various evolutionary

sequences. Members of the complete set of

caminculoid figures may be presented to stu-

dents, each glued to a card or on a single sheet

(Figure 2).

Part 1: Proposing Biological Names

We give things names in order to be able to
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describe them more easily. For example, the

word "pig" saves us having to give a very long

description every time we want to talk about that

animal.

Provide students with an example of each of the

six Caminalcule forms shown in Figure 1.

Pretend that each one occurs near where the

students live. Have students invent suitable

names for each organism. See how many people

in the class can recognize which name goes with

which organism.

People try to give names to everything they see

around them, but different people living far apart

often give totally different names to exactly the

same thing. For example, the names "king cat,"

"ghost cat," "catamount," "panther," "puma,"
"cougar," and "mountain lion" all refer to the

same animal.

This particular exercise proceeds from the
uncertainty of common names to the need for a

systematic nomenclature. The unwieldiness of

the descriptive names used by the early classifi-

ers is contrasted with the simplicity of binomial

names. For example, the "carnation" was

originally described as "Dianthus floribus
solitariis," "squamis calycinis subovatis
brevissimis," "corollis crenatis," or by the
Linnaean binomial Dianthus caryophyllus.

Ask students to invent suitable binomial names

for the six sample Caminalcules presented. Rival

binomial names provide a good arena for
discussion about precedence and other taxo-

nomic conventions. For more advanced students,

reference may be made to discussions regarding

precedence in taxonomic papers in journals: for

example, the taxonomic review in Higgins

(1974).

This stage of the exercise ends with the general
acceptance of definitive binomial names for the

original six organisms. The names are retained

throughout the rest of the study.

Part II: Proposing Phylogenies

The question of relationships and classification

arises when students are asked to derive names

for the whole set of Caminalcules (see Figure 2
on page 127) while retaining those agreed upon

for the original six. It becomes necessary to

consider how similar-looking organisms may be

related and how these relationships may be

referred to in sets and subsets. The scientific

cards' inadequacy of descriptive information
soon becomes apparent to most students. This
means that the students must try to decide for

themselves what and how much information is

necessary for realistic classification.

The question of how many distinct types of

organisms are represented among the 29 differ-

ent pictures in the set necessitates some discus-

sion of natural variation and polymorphism.

Fig. 1. The six main Caminalcule forms: A. squid; B.
snail; C. flirt; D. parasite; E. generalized land; and F.
generalized aquatic.
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Some students realize that there is no way of

telling whether the Caminalcules are sexually

dimorphic.

The value of field studies in elucidating prob-

lems of this kind can be stressed. Bird study has

been found to be helpful here because, in the

case of highly similar animals, such as sparrows,

only close and careful observation will reveal

the true pattern of relationships. This is an

example immediately available for study by

students. The aim of this part of the exercise is

to investigate some of the basic ideas of tax-

onomy and to establish the need for much
detailed information.

At a fairly advanced level, consideration of

polymorphism and variation leads fairly directly

on to the subject of evolution, and the Caminal-

cules offer good scope for treatment of this
topic. At the upper end of school and beyond,

students who are asked to sort the cards into

putative evolutionary lines will generally notice

a degree of coincidence between these and their
taxonomic sets and subsets; though with a

monolithic taxonomy, it is difficult to ensure

that this is not merely a restatement of the

classification.
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In the absence of a clear ancestral type, several

parallel arguments may be advanced. When rival

groups are asked to defend their positions, a

hardening of opinion tends to be seen, with

students taking great exception to opposition,

even in the face of a generally agreed upon

inadequacy of information. This has been found

to be a suitable point to introduce discussion of

the evolutionary debates of the last century, and

a consideration of the relative status of different

evolutionary ideas that are not amendable to

empirical investigation.

References

The article from which this activity was taken

was written by D.J. Smith, but permission to

reprint the "Caminalcule" drawings was granted

by the noted biologist R.R. Sokal, who was a

colleague of the late J.R. Camin, developer of
the Caminalcules.

This activity is based on an exercise by D.J.

Smith (1975) and was originally titled "Simula-
tion in taxonomy: The use of Caminalcules."

Journal of Biological Education, 9(3/4), 155-
157, and is modified and reprinted with the

permission of the publisher.



Fig. 2. Various types of Caminalcules.
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IX. THE NEW EVOLUTIONARY

SYNTHESIS

Darwin and Wallace certainly did not solve all of the problems associated with biological evolu-

tion with their proposed mechanism of natural selection. After all, neither could explain the

source of the variation central to the concept of natural selection. Work during the century since

their discovery has added much to our store of knowledge about descent with modification, but rather

than threatening the work of these two pioneers, the central tenets laid down so long ago have held firm.

New discoveries in genetics, the nature of mutation, and innovative ideas about the rate of evolutionary

change have initiated the period known as the new synthesis of evolutionary biology. This chapter con-

tains several activities focused on aspects of descent with modification unknown to Darwin and Wallace.

In the first activity, students examine simulated data discovered from two mythical creatures: one illus-

trating a gradualistic evolutionary sequence and the other the new punctuated progression. In the punctu-

ated example, the form of the creatures remains essentially unchanged (equilibrium) for a long time
period and then suddenly changes (punctuation). For many organisms, this punctuated equilibrium style

of evolution may be much closer to an actual representation than the gradualism advocated by scientists

previously.

The final exercise in this monograph uses the computer to simulate macroevolutionary change. Some

have criticized evolution as impossible because of the randomness inherent in most models of evolution-

ary change. Opponents of evolution have said that, if text were randomly generated, not even one sen-

tence of Shakespeare would ever be generated the odds are simply too immense. This argument

against evolution falls apart with the simulation provided as the last activity in this section. If the useful

mutations are preserved, random selection for those unhelpful characteristics in this case, letters

will produce a work of Shakespeare more quickly than most evolution-dissenters would like to believe.
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MODELING MODES OF EVOLUTION: COMPARING PHYLETIC
GRADUALISM AND PUNCTUATED EQUILIBRIUM

An original activity by
William F. McComas and Brian J. Alters

This activity provides students an opportu-

nity to explore the tempo and mode of

evolution by analyzing data and con-

structing two evolutionary trees, one gradualistic

and one punctuated. The data are fictitious, as

are the creatures used as illustrations, but are

representative of real data.

Evolutionary Principles Illustrated

Tempo and mode of evolution

Determination of speciation

Introduction

"Paleontologists have discovered two major
patterns in life that make it difficult to support a
totally uniformitarian view of life's develop-

ment" (Benton 1993, p.100). These two views

are known as phyletic gradualism and punctu-

ated equilibrium.

Phyletic gradualism is the traditional Darwinian

view that an interminable number of intermedi-

ate forms have existed, linking together all

species in each group by gradations as fine as
our existing varieties (Darwin 1975).

Punctuated equilibrium, developed by Niles

Eldredge and Stephen Jay Gould (1972), offers a

contrasting view that organic evolution is not

steady and regular but episodic and jerky, with

long periods of small changes interspersed with

rapid bursts of large-scale transformation of

species. The latter pattern explains that the

"gaps" in the fossil record are not simply

missing data that will show up some day as

maintained by gradualists but are real and

must be interpreted as, such.

Intended Audience

General biology

Advanced biology

Materials (for each student group)

copies of the Caminalcules in the Genus

Molluscaformis and in the Genus Pedivarious

(different colors of paper will be useful)

copies of geologic columns for the sites where

samples were found (If enlarged 135%, these

charts will fit neatly on legal size paper.)

scissors

graph paper (optional)

Procedure

Each student group should have photocopies of

both the Caminalcule genera and the accompa-

nying strata sheets. The students should cut out

all the Caminalcules, keeping the related data
attached. Each Caminalcule provided represents

the morphological average of a number of ,

Caminalcules found at a particular location.

The "average of number is located below each
Caminalcule in parentheses. For example, one

Caminalcule might be represented by an average,

of four firids., This information, although ficti-
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tious, is provided to help the student understand

that there is some morphological variation
within the specimens found at a given site and

that conclusions are based on a range of speci-

mens rather than on a single individual.

The name listed with each Caminalcule is the

name of the formation or layer in which it was

found. If the specimen is listed as "Upper

Wallacian," it was found in the upper, or more

recent part, of the layer called the "Wallacian

Formation." At the left of each stratigraphic

column are numbers representing the number of

thousands of years that it took to form that

particular layer. Following a discussion of the

issues mentioned here, students should follow

the specific instructions below.

Specific Instructions

1. Working with one genus at a time, each
student group should arrange the Caminalcules

on the appropriate stratigraphic column by
placing each individual in the stratum (layer) in

which it was found. (The figures noted below

appear on pages 136-140 following this activ-

ity.)

2. Next, the species in the genus should be
arranged into a logical morphology versus time

tree (Figure 1). Note: It is best if the students do

not see these example trees prior to constructing
their own.

3. Draw the genus evolution tree on a morphol-

ogy versus time axis (Figure 2). Place the correct
time units on the Y-axis. Morphological change

will have to be estimated (no units).

4. Repeat the previous steps for Genus Pediva-
rious (see Figures 3-5). The Genus Pedivarious
tree should look like Figure 3.

5. To understand punctuated equilibrium, one
must examine it point-by-point with Darwin's

view of phyletic gradualism. Have the students

make a comparison list of the two trees. The two

patterns of evolution along with implications for

each are contrasted in Table 1 (see page 141).

6. Have students define the following with

reference to their proposed trees:

Transformation

Speciation

The geological meaning of "fast" and "slow"

Evidence

The question of how paleontologists decide if

organisms are of different species

Lineage of descent with modification

Strata

Morphology

Discussion

After making the basic comparisons of phyletic

gradualism and punctuated equilibrium, divide

the class into two groups. Students should read

some of the background materials detailing the

scientific merit of each evolutionary pattern.

General review

B.J. Alters and W.F. McComas (1994).

R. Lewin (1980).

Pro

S.J. Gould (1977, 1991).

Con

P. Whitfield (1993).

E.O. Wilson (1992).

Important Considerations:

Fossils may be broken, distorted and/or have

parts missing.

Only 10% of geologic time is available in

sedimentary layers (Van Andel 1981).

Paleontologists generally decide if fossils are

of differing species by comparing them to

similar living organisms.
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Debate and/or Discussion Topics:

Some phyletic gradualists would state that the

nine layers in the Pedivarious evolutionary

sequence are not complete (Figure 4). Maybe

little or no rock was formed in a period between

Gouldian and Eldredgean, and consequently

there are no fossils represented from this period.

Therefore, the actual evolution of the Genus

Pedivarious could be gradual!

Punctuationalists would counter by stating that

the gradualists are arguing from lack of evi-

dence. (This would be a great place to have a

discussion about the nature of science, such as:

What counts as scientific evidence?) As Gould

and Eldredge (1977) state, "Phyletic gradualism

was an a priori assertion from the start it was

never 'seen' in the rocks ... we think that it has

now become an empirical fallacy" (p. 115).
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Genus Molluscaformis Caminalcules
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Genus Pedivarious Caminalcules
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Fig. 1. A completed chart showing the placement of members of the Genus Molluscaformis arranged by morphologi-
cal characteristics and the layer in which each sample was found.
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Fig. 2. Evolutionary tree of the Genus Molluscaformis with morphological characteristics plotted against time.

Time

GENUS MOLLUSCAFORMIS

Morphology
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Fig. 3. A completed chart showing the placement of members of the Genus Pedivarious arranged by morphological

characteristics and the layer in which each sample was found.

STRATIGRAPHIC SEQUENCE FOR THE
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Fig. 4. Evolutionary tree of the Genus Pedivarious with morphological characteristics plotted against time.
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Fig. 5. Geologic column illustrating a possible erosional event that provides support for phyletic gradualism in the
case of the Genus Pedivarious.
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Table 1. Comparison of phyletic gradualism and punctuated equilibrium.

Caminalcules

Fictional Genus: Molluscaformis Fictional Genus: Pedivarious

Name: Phyletic Gradualism Name: Punctuated Equilibrium

Principal Proponent: Darwin Principal Proponents: Eldredge and Gould

New species develop gradually and
slowly with little evidence of stasis
(no significant change)

New species develop rapidly and
then experience long periods of
stasis

The fossil record should contain
numerous transitional forms within
the lineage of any one type of
organism

The fossil record should contain few
transitional forms with the
maintenance of given forms for long
periods of time

New species arise via the
transformation of an ancestral
population

New species arise as lineages are
split

The entire ancestral form usually
transforms into the new species

A small subpopulatior cf the
ancestral form gives rise to the new
species .

Speciation usually involves the
entire geographic range of the
species (called sympatry)

The subpopulation is in an isolated
area at the periphery of the range
(called allopatry)

Adapted from Eldredge, 1989; Futuyma, 1986; Rhodes, 1983; and Gould & Eldredge, 1977
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A COMPUTER SIMULATION OF THE EVOLUTIONARY
RATE IN MACROEVOLUTION

Based on an original activity by
O.B. Marco and V.S. Lopez

This simulation provides a view of the

controversy with respect to the mode and

tempo of evolution by proposing a
simple model that can help students to think

about evolution and better understand the

gradualist and punctuationist macroevolutive
approach.

The model affords students an easy and friendly
teaching tool to introduce these concepts and
other related ones (i.e., mutation, selection,

fitness, extinction, origin of life, etc.) in the

classroom. One of the greatest difficulties in

teaching these issues is the inability to perform

experiments concerning evolutionary predic-

tions. Computer programs presented here can
overcome some of these difficulties.

Evolutionary Principles Illustrated

Mode and tempo of evolution

Introduction

Presently, there are some controversies among

scientists who have accepted the theory postu-
lated by Darwin (enhanced in the present

century by neo-Darwinian contributions) but

disagree with some of its aspects (Ridley 1985).

Among these controversies are the level of
selection (species, individuals or genes), the
power of natural selection, the neutral theory,
macroevolution, etc.

A major controversy is over the rate of evolution
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and when most significant evolutionary change

occurs. Here there are two opposing schools:

phyletic gradualism (Dawkins 1987) and punctu-

ated equilibrium (Gould & Eldredge 1977).

Intended Audience

Advanced biology

Materials (for each student group)

simulation software (Appendix A, p. 150)
compatible computer

Procedure The Model

The model presented here is a very simple

producer of random sentences. It is analogous to

the one used by Richard Dawkins in The Blind

Watchmaker (1987) to explain the difference

between single-step selection and cumulative

selection. Dawkins starts from Hamlet's sen-

tence, "Methinks it is like a weasel," and designs

two different computer programs to obtain it
from a random set of characters with the correct

length (see Figure 1).

1. Single-step selection of random variation

begins by typing a random sequence of 28

characters (the length of Shakespeare's sen-

tence) and comparing it to the target phrase,

"Methinks it is like a weasel." If the phrase is

typed correctly, the experiment ends. If the

sentence typed is different from the target, it

makes another trial of 28 characters, and so on.
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Fig. 1. Outline of the single-step selection and the cumulative selection computer programs.

Model:

"METHINKS-IT-IS-LIKE-A-WEASEL"

Single-step selection
of random variation

Random sequence of
28 characters

does it match the
model exactly ?

NO YES

Cumulative selection
of random variation

Random sequence of
28 characters

(mother-phrase)

duplication process with a
random copying error

daughter-phrase

does it match the model
better than mother-phrase?

YES NO

I

daughter-phrase assumes
the role of mother-phrase

does it match the
model exactly ?

END - YES NO

(target reached)
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2. Cumulative selection of random variation

begins again by typing a random sequence of 28

characters, but now the first nonsense sentence

is duplicated repeatedly with a certain chance of
random error in the copying. The computer

examines the "mutant" phrase as well as its

ancestors and chooses the one which, however

slightly, most resembles the target, "Methinks it

is like a weasel." The closer phrase plays the

role of pattern in the next copying, and this goes
on generation after generation.

It is easy to calculate how long we should

reasonably expect to wait for the single-step

selection process to type "Methinks it is like a

weasel." The probability of a trial of 28 random
correct blows at a keyboard with 27 keys (26

letters and a space bar ) is extraordinarily small

1/27 to the power 28, approximately 8.35 x 1041.

With this chance, we expect, with a computer

that generates 100 random phrases per second,

to reach the target in a time that, compared with

the age of the Universe, makes the latter negli-

gible. On the other hand, the second process, the

cumulative selection, takes a few seconds or

minutes, depending on the computer language

used, to reach the objective.

Dawkins uses this example to explain the

difference between single-step and cumulative

selection of random variation, proving that

creationist arguments about evolution being a

"random process," and thus impossible, fall into

severe error. If selection is invoked, then even if

variation is randomly generated, it can very

quickly be formed into adaptive patterns.

Moreover, he warns that the model:

"... is misleading in important ways; one of
these is that in each generation of selective

`breeding,' the mutant 'progeny' phrases

were judged according to the criterion of
resemblance to a distant ideal target, the
phrase. 'Methinks it is like a weasel.' Life
isn't like that. Evolution has no long-term
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goal. There is no long-distance target, no

final perfection to serve as a criterion for

selection, although human vanity cherishes

the absurd notion that our species is the final
goal of evolution ... the watchmaker that is

cumulative natural selection is blind to the
future and has no long-term goal."

(Dawkins, p. 50)

In real life, species evolve through locally

established criteria.

Taking into account these reflections on

Dawkins' model, we have changed the role of
the target phrase in our model: "Methinks it is

like a weasel" is not a final goal to reach but

represents a set of attributes of the different

generations of computer sentences to survive.

Our model includes the existence of organisms

whose most important variables (ai, bi, ci,...)

must be compatible with the characteristics of

the environment where they live (A, B, C, ...).

To survive, the living beings have a set of

characteristics responsible for their adaptation to

the environment: characteristics with a finite and

discreet range of possibilities (the small letters

of the alphabet plus the spaces between words).

We consider all possibilities that allow the

existence of viable organisms as the maximum

variability, and the particular existence of each

possibility is due to random "mutation" and

"natural selection." The feasible rhythm of

change is constant in the model. A mutation is

produced by each phrase's generation, but this

kind of change is not necessarily an improve-

ment in adaptation.

Furthermore, in our model there exists a certain

combination of characters (ao, bo, co, ...)

representing the best adaptation to the environ-

ment. Therefore, the appearance at random of an

"a" value, corresponding to the characteristics
"a," is evaluated by "natural selection" in

relation to the rest of "ai" values. The distance

between the present configuration and the best
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adaptation to the environment (ao, bo, co,...) is
given by the distance:

DIS = laoail + Ibo bil + Icocil +.
A numerical value (from 1 to 27) is assigned to

each characteristic so that the distance (DIS)

contains information about the adaptation level

of a sentence from the adaptation level of each

of its own characteristics.

At this moment, we want to establish clearly two

questions aroused by the proposed model. The

first one is that, in our model, random drift is not

connected with punctualism. Genetic drift is
important in speciation models compatible with

punctuated equilibrium i.e., Wright's shifting
balance model (Dobzhansky et al. 1986).

The reason that excludes drift from the model

leads us to the second question. We have used

the term "organism" throughout this paper when

"population" is meant. Organisms do not
evolve. However, we have maintained the term

"organism" because the structure of our popula-

tions is quite special. All organisms that consti-

tute each population are identical. Obviously,
genetic drift is excluded from the model.

Experiments Using the Model: The Role of
the Environment

We have worked with a set of 28 characters

whose best adaptation is the sentence "Methinks

it is like a weasel." We started from a random

configuration with the correct character length:

"cdozhmhyeloucuoxmqftvgxekcsx." We bore in
mind that it is unlikely that a random sequence
of letters could "survive" in the environment

(random DNA does not make functional prod-

ucts). But we can consider this starting point as

similar to that probably produced when the first

living form emerged from inanimate material.

It is feasible to imagine a situation with soft

selection where all sequences can survive, but

the ones closer to the environmental characteris-

tics survive better. Having overcome this

BEST COPY AVAILABLE

trouble, this "ancestor" evolved according to the

proposed model rules. Some of its descendant
combinations were:

cdtimhyelocuoxmqftggxekisl

generation 25

cdtihmhselohcuonmqfobgxegiml

generation 74

ndtihmhselohjulnmqfobgxegiml

generation 103

ndtihmhsblocj ifdbdxebrfl

generation 202

metihmhsbiuciskjifbwearfl
generation 445

metimgsaitiskjkeawearfl
generation 700

methimgsitiskikeaweasel
generation 1526

If we graph the number of adaptation improve-

ments against time units and their speed of

appearance, we obtain the curve represented in
Figure 2.

Note that the rate of the adaptation is not con-

stant. These results are very similar to those

obtained by Haldane and Bader in their studies

Fig. 2. The level of adaptation in a lineage through
time in a constant environment. The experimental
points and their best fit are shown.
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on the relative rhythm of change in the charac-

teristics of fossils (Simpson 1983). This kind of

result is logical, because when the adaptative

distance (DIS) is decreasing, the probability that

the next random adaptation is an improvement

decreases quickly. The shape of the adjusted

curve shows two distinctive sections: the first

one with a great slope and the second one

asymptotic.

The question,"Do lineages evolve at different

rates in different times?" is very important. The
punctuated equilibrium theory suggests that

evolution has a nonconstant tempo, with short

intervals of fast evolution, accompanied by
speciation processes, interrupted by very long

periods with no evolutionary change. The

phyletic gradualism asserts that the evolutionary

rate is nearly constant in time.

The facts studied up to now in the fossil record

have not settled which of the two theories is the

more correct; some studies are in agreement

with gradualist theory but others with
punctuationist statements (see Chapter 9 in

Ridley 1985). In our model, the "fossil record"

has no gaps, is fully complete, and evolutionary
rates of the letter sets are closer to punctuated

equilibrium theory than gradualist theory, as can

be seen in Figure 2.

This does not deny the existence of periods with

gradual evolution, with a nearly constant rate of
change. In fact, both theories result from the
same mathematical model, and it is not neces-

sary to consider them as in opposition. Both

phenomena have the same cause, environmental

change, but depending on the kind of change,

the response of the evolution rate is different. If
the environment is slowly and gently modified,

organisms will respond with a gradual evolu-

tionary rate (changes made by random mutation

and natural selection); but if environmental

changes are sharp and large, the speed of change
will increase spectacularly and sudden changes

will appear (Stewart 1990).
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Let us return now to our model to test these

statements. In order to ascertain the influence

that environment exerts on the evolution rate, we

have modeled the simile used by Stephen Jay

Gould in his book Wonderful Life (1989). We

have rewound the tape of life to record it again

from the same starting point, as Frank Capra did

in his famous film, "It's a Wonderful Life."

We then repeated the previous evolutionary

experiment, which took place in a constant

environment, by allowing environmental

changes so that more than 2,500 generations of

the initial environment "METHINKSITIS
LIKEAWEASEL" are converted into the first
sentence from Don Quixote, "ENUN
LUGARDELA MANCHA."

The transformation of Shakespeare's sentence
into Cervantes' sentence was modeled in two
different ways. The first goes through a series of

small gradual changes (always less than 10% of

the maximum feasible change, measured by

DIS). For the second, these gradual changes

have two major sudden changes inserted (near

50% of the maximum feasible change, measured
by DIS), change that we will call "catastrophic."

The percentages of character changing in time

are given in Figure 3.

Once these two dynamic environments were
designed, we rewound the tape from the first

experiment, made in a constant environment,

and recorded it again with the evolution that

takes place in every new environment. The

starting point chosen by us to begin the new

evolutionary sequences was generation 700,

because this generation gave us a sentence with

enough adaptation level to be considered viable

in the environment where it is evolving. At this

moment of the evolutionary process, we con-

sider that competitive phenomena are sufficient

for producing a stronger selection pressure.

We have measured the percentage of ideal

adaptation for each organism, using the distance
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75%

50%

25%

0%

% change (related to the maximum)

700 1200 1700

generations

gradually changed catastrophic

2200

Fig. 3. The percent of the maximum feasible change vs.
time in the two changing environments. Note the major
sudden changes about the 1100th generation.

measure DIS divided by the constant A=27x28,

that represents the maximum variability of any

organism (each of 28 characters has 27 possibili-

ties). Figure 4 shows the results of both experi-

ments.

With small gradual environmental changes, the

oscillations of adaptation values are always

100%

75%

50%

25%

% ideal adaptation

0 500 1000 1500 2000

generations

gradually changed catastrophic

Fig. 4. The level of adaptation in two lineages through
time. When adaptation is low, extinction is likely.

proportionally small. Meanwhile, in the short

catastrophic period, these values come down fast
and suddenly.

When the environment changes in a moderate
way, the speed of adaptation does not change

substantially before or after the appearance of
each new environment, remaining nearly con-

stant around its average. The situation is very

different in a catastrophic period. The readap-
tation speed after a large environmental change

increases strongly.

These results lead us to propound a general rule
in our model. The potential evolutionary rate

varies inversely with organisms that are poorly

adapted, and vice versa. Although in our model

this is not explicitly discussed, it is feasible to

relate important environmental changes with

mass extinctions. This simple model helps us to

understand the rapid emergence of new species
after catastrophies.

A sudden sharp environmental change could
cause great changes in the survival of species,

which could occupy vacant ecological places

abandoned after extinctions (refilling the empty

ecological barrel). In our model, the less adapted

organisms have more potential for change, but
they also have a much better chance of extinc-
tion in real life.

The Model and the Paleontologist's Work

We are aware that our simple model is far from

the real work of paleontologists. They have no

means of quantifying exactly the environmental

characteristics, present or past, nor to establish a
correlation between them and the organismal

characteristics in order to measure the adaptative

potential they possess at a certain moment in

their-evollitionary history. Due to this constraint,

the usual method of paleontologists is to com-
pare some of the organismal characteristics

through time, in what they propose as an evolu-
tionary lineage.
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A classic work in this kind of research is the one
made by Stanley Westoll in 1949 on morpho-

logical characteristics of fossil and living lung

fish (Simpson 1983). He assigned a numerical

value to the different stages of each characteris-

tic, relative to it being primitive or specialized,
and chose the values in such a way that the
supposed ancestor could reach a total score of

100, and the more evolved specimen zero. These

values were represented against time expressed

in millions of years.

Simpson reversed these values in 1983 in order

to make it possible to observe the appearance of

more advanced or new characteristics, instead of

the loss of ancient ones, which seemed to him a

more realistic view of evolutionary change.
Thus, Simpson assigned the arbitrary value of

zero to the supposed ancestral specimen and the
more advanced or recent of each one of the

different characteristics. This treatment led him

to obtain a curve very similar, but not identical,

to a logistic curve (Figure 5).

To approximate our model to this method, we

studied the evolutionary characteristics of our
organisms compared to each other, not with their
environment. We started from our sequence of

time-arranged fossils and compared the charac-

teristics (the small letters) of each organism with

the ones belonging to its ancestors and its

successors. The comparison is made now

through the distance dij defined as:

DIS = laoail + lbobil + Icocil +
where i and j are fossils.

We take the maximum distance obtained be-

tween the most ancient phrase (we choose again
the 700 generation phrase) and the newest one

we call D, and give it the value of 100. There-

fore, if we represent the dij/D values in percent-

ages, our treatment is very similar to the
Westoll-Simpson one. The data obtained in the

experiments with gradual and catastrophic

changes are represented in Figure 6.

As can be seen in the case of gradual changes,

148 Investigating Evolutionary Biology in the Laboratory

Westoll/Simpson values

0

-400 -350 -300 -250 -200 -150 -100

Time (in millions of years)

-50 0

Fig. 5. Westo ll's data of 16 morphological characteristics

of 10 extinct and 3 extant genera of lung fish represented
in Simpson's mode. The fitted curve looks like a logistic

curve.

the experimental data could be adjusted to a

straight line. While in the case of sharp changes,

experimental data form a pseudologistical curve

with a similar shape to that obtained by Westoll

Simpson.

100%

75%

50%

25%

0%

% more advanced (or new) characteristics

700 1200 1700

generations

gradually changed X catastrophic

2200

Fig. 6. Data obtained from the two evolutionary lineages

in changing environments, represented in Simpson's
mode. Note that the experimental points obtained from
the lineage that evolved in a gradually changing environ-

ment are fitted by a straight line, whereas the data
obtained from the lineage evolved in a catastrophic
environment are similar to the curve of Figure 5.
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We deduce from these results that, if fossil

chains corresponding to lineages evolved in

gradually changed environments are analyzed,

the relative evolutionary rate is nearly constant

along the history of life. Nevertheless, if a fossil

chain includes survival ancestors from cata-

strophic changes in their environment, we will

note punctuated periods with significant evolu-

tionary rates inserted in lengthy periods with

slow and nearly constant evolutionary rhythm.

Even if the lineage overcame catastrophic

changes during the period studied, but the
corresponding specimens were not found in the

fossil record, the evolutionary rate studies could

show gradual and small changes of rate instead

of being sudden and great as expected. Incom-

plete fossil records can confuse things, but the

content of gradualist and punctuationist theories

can be studied by an analysis of these necessar-

ily fragmented sequences.

Conclusions

Obviously, this model has a clear advantage

compared with real life. It generates a complete

fossil record as a single evolutionary lineage. In

real life, things are different. The fossil record is

very incomplete, and lineages have to be defined

through complex research that includes a large

number of prior considerations.

Nevertheless, in spite of the simplicity of our

model and the evident differences between the

present work and reality, we think that it can be

useful as a teaching tool to work the content of

gradualism and punctuationism theories in the

classroom.

Lastly, we would like to take up again one of the

aforementioned inadequacies of this model:

genetic drift. This biological concept can be

included in the model by changing the meaning

of organisms. If "organisms" are not popula-

tions of identical individuals, as we stated first,

but they play the role of different elements of the

genetic space corresponding to their own

species, then the several generations of "organ-

isms" can be considered as different individuals

from a population, and genetic drift is invoked,

adding fitness and competition. (See Chapter 3

in Dawkins 1987, and Chapter 6 in Dobzhansky

et al. 1986).

The same model could illustrate two important

points of punctuated equilibrium: the rapid

genetic change due to the drift and the changes

of evolution rate depending on the populational

adaptation capabilities, the latter one closely

connected with environmental change. We think

this mode could be a creative tool in practical

biology teaching
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Appendix A
Computer Program

COMMON G. DIX, ASMO

SCREEN 2
WINDOW (-20, -20)-(120, 120)
KEY OFF: CLS
OPEN 'REG' FOR OUTPUT AS #1 'ARCHIVO 'REG' PARA

REGISTRO FOSIL

DIM F$(40)
DIM DX(40): DIM FI(40): DIM FI(40)
DIM F(40)

50 CLS
FOR P = 1 TO 40
F(P) = 0: F$(P) = "
FIVP) = ": F(P) = 0
DX(P) = 0
NEXT P

60 S = 0 'NUMBER OF CHARACTERS
LOCATE 5, 1: PRINT STRING$(80, ") TO CLEAR SCREEN AREA
LOCATE 2, 1

PRINT '(USE CAPITALS) WRITE THE ATTRIBUTES OF THE
ENVIRONMENT & PRESS 'ENTER'
(MAX 30)'
PRINT'
PRINT STRING$(80, '"')
PRINT "
PRINT STRING$(80, '"')

ASMO + 0 'TOTAL ASCII VALUE (TO BE CALCULATED AFTER)

REM DEFINITION OF ATTRIBUTES OF THE ENVIRONMENT
DIXMAX = 0 'MAXIMUM POSSIBLE DISTANCE WITH ATTRIBUTES
OF THE ENVIRONMENT

FOR K = 1 TO 40

DO

F$(K) = INPUT$(1) 'CHARACTERS OF ATTRIBUTES OF THE
ENVIRONMENT
F(K) = ASC(F$(K)) 'ASCII VALUE OF CHARACTERS
IF F$(K) = CHR$(13) THEN 200 ELSE 'IF 'ENTER' THEN END
IF F(K) = 32 THEN F(K) = 64 'SPECIAL CASE: BLANK SPACE
IF F(K) > 77 THEN DM = F(K) 64 ELSE DM = 90-64
DIXMAX = DIXMAX + DM

LOCATE 20, 5: PRINT'
LOCATE 21, 5: PRINT'

IF INSTR('ABCDEFGHIJKLMNOPQRSTUVWXYZ', F$(K) = 0
THEN BEEP
LOOP WHILE INSTR('ABCDEFGHIJKLMNOPQRSTUVWXYZ',
F$(K)) = 0

LOCATE 5, 5 + K 'WRITE ATTRIBUTES OF THE ENVIRONMENT
PRINT F$(K)

S = S + 1 'TO COUNT THE NUMBER OF CHARACTERS OF
ATTRIBUTES OF THE ENVIRONMENT
IF S > 30 THEN
LOCATE 20, 10
PRINT 'TOO MUCH ATTRIBUTES OF THE ENVIRONMENT'
LOCATE 21, 10
PRINT 'PLEASE, WRITE AGAIN'
GO TO 60
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ELSE

END IF
ASMO = ASMO + F(K) 'TOTAL ASCII VALUE OF ATTRIBUTES OF
THE ENVIRONMENT

NEXT K 'END OF DEFINITION OF ATTRIBUTES OF THE
ENVIRONMENT

200 'LOCATE 8, 6: PRINT 'ASCII VALUE = '; ASMO 'PRINT TOTAL
ASCII VALUE OF ATTRIBUTES OF THE ENVIRONMENT

REM TO MODIFY
LOCATE 15, 3
PRINT 'TO CHANGE ATTRIBUTES, PRESS'S'. ANOTHER KEY
TO CONTINUE'
Y$ = INPUT$(1)
IF Y$ = 's' OR Y$ = 'S' THEN 50 ELSE

CLS:G=0

REM REWRITING ATTRIBUTES OF THE ENVIRONMENT

LOCATE 3, 20: PRINT STRING$(S + 6, ''')
LOCATE 5, 20: PRINT STRING$(S + 6, ''')
FOR J = 1 TO S
LOCATE 4, 22 +J 'PRINTS THE ATTRIBUTES OF THE
ENVIRONMENT
PRINT F$(J)

MED$ = MED$ + F$(J) 'TO RECORD TOTAL PHRASE
NEXT J
GOSUB 2000 'TO RECORD PHRASES AND DISTANCES

PRINT "
LOCATE 4, 1: PRINT 'ENVIRONMENT'

REM TYPING THE FIRST ANCESTOR PHRASE

LOCATE 10, 2: PRINT 'PRESS 'A' FOR FIRST ANCESTOR AT
RANDOM'
LOCATE 11, 2: PRINT 'ANOTHER KEY TO INTRODUCE THE
FIRST ANCESTOR PHRASE'

Y$ = INPUT$(1)

LOCATE 10, 2: PRINT'
LOCATE 11, 2: PRINT'

AV = 0: DIX =

FOR J = 1 TO S
IF Y$ = 'A' OR Y$ = 'a' THEN
X$ = TIMES; Z$ = RIGHT $(X$, 2): zm$ = MID$(X$, 4, 2): zh$
= LEFT$(X$, 2)
n = VAL(Z$) + 60 VAL(zm$) + 3600 * VAL (zh$)
RANDOMIZE n
FI(J) = INT(RND * (91 - 64) + 64
IF FI(J) = 64 THEN FI(J) = 32

FI$(J) = CHR$(FI(J))

ELSE

LOCATE 8, 15: PRINT 'WRITE THE FIRST ANCESTOR PHRASE
OF THE LINEAGE'

DO

FI$(J) = INPUT$(1)
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FI(J) = ASC(FI$(J))

LOCATE 20, 5: PRINT'
IF INSTR ('ABCDEFGHIJKLMNOPQRSTUVWXYZ'; FI$(J) = 0
THEN BEEP
LOOP WHILE INSTR('ABCDEFGHIJKLMNOPQRSTUVWXYZ',
FI$(J)) = 0

END IF

IF FI(J) = 32 THEN FI(J) = 64 FOR THE BLANK SPACE
AV = AV + FI(J)
DX(J) = ABS (FI(J) F(J)) 'ASCII DISTANCE BETWEEN THE
ATTRIBUTES OF THE ENVIRONMENT AND EVOLUTIONARY
PHRASE

DIX = DIX + DX(J)
LOCATE 10, 22 + J
PRINT FI$(J) 'PRINT EVOLUTIONARY PHRASE
FRA$ = FRA$ = FI$(J) 'TO RECORD THE ENTIRE PHRASE AS
ONE VARIABLE
NEXT J

G = 1

GOSUB 2000

PRINT "
LOCATE 12, 10: PRINT 'MEASURE OF ADAPTATION LEVEL:
DIS (0-100) = '; DIX

LOCATE 22, 15: PRINT 'PRESS ANY KEY TO START'
X$ = INPUT$(1)
LOCATE 22, 15: PRINT'

FOR P = 7 TO 22 'ERASE
LOCATE P, 1

PRINT STRING$(80, ")
NEXT P

LOCATE 7, 1: PRINT 'ORGANISMS'

600' START EVOLUTIONARY PROCESS
G = G+ 1

X$ = TIME$: Z$ = RIGHT$(X$, 2); zm$ = MID$(X$, 4, 2): zh$ =
LEFT$(X$, 2)
n = VAL(Z$) + 60 VAL(zm$) + 3600 VAL(zh$)
RANDOMIZER n

JA = INT(RND S) + 1 'CHOOSE A PLACE IN THE EVOLUT.
ORGANISM AT RANDOM
FRA$ = "
FOR I = 1 TO S

IF I= JA THEN

A = INT(RND 27) + 64 'CHARACTER AT RANDOM
D = F(I) A
IF ABS(D) < DX(I) THEN
BAN = 1

DIX = DIX DX(I)
AV = AV - FI(I)
DX(1) = ABS(D)
AV = AV + A
IF A = 64 THEN A = 32 'GIVING BACK THE BLANK SPACE AS 32
FI$(I) = CHR$(A)
LOCATE 8, 20: PRINT STRING$(60, ")
LOCATE 7, 22 + 1: PRINT FI$(I)
LOCATE 8, 22 + 1: PRINT CHR$(24)
FI(I) = ASC(FI$(I))

IF FI(I) = 32 THEN FI(I) = 64

DIX =DIX + DX(I)

ELSE
BAN = 0 'CONTROL CHANGES
END IF

ELSE

LOCATE 7, 22 + 1: PRINT FI$(I)
END IF

FRA$ = FRA$ + FI$(I)

NEXT I

LINE (-20, 60) - (110, 40) , B

LOCATE 13, 2
PRINT 'DIS='; DIX
LOCATE 13, 50: PRINT 'GENERATION='; G

IF BAN = 1 THEN

GOSUB 2000
ELSE
END IF

IF DIX = 0 THEN 800 ELSE 600

800 REM LEE REGISTRO

GFIN = G
LOCATE 18, 1: PRINT 'MAXIMUM ADAPTATION LEVEL IN THE
GENERATION'; GFIN

LOCATE 20, 1: PRINT 'PRESS ANY KEY TO SEE THE
COMPLETE LINEAGE'
CLOSE #1

CX$ = INPUT$(1)

'WINDOW (-20, -5)(GFIN, 150)

CLS

LOCATE 1, 1: PRINT 'PLEASE, PRESS 'P' FOR PRINTER OUTPUT
OR OTHER KEY FOR SCREEN OUTPUT'
C$ = INPUT$(1)
LOCATE 1, 1: PRINT'
OPEN 'REG' FOR INPUT AS #1
INPUT #1, MED$

IF C$ = 'P' OR C$ = 'p' THEN

LPRINT 'ATTRIBUTES OF THE ENVIRONMENT: '; MED$
LPRINT "

LPRINT 'FIRST ANCESTOR, ASCII VALUE, DIS, & GENERATION'
ELSE

PRINT 'ATTRIBUTES OF THE ENVIRONMENT: '; MED$
PRINT "
PRINT 'FIRST ANCESTOR, ASCII VALUE, DIS & GENERATION'
END IF

INPUT #1, FOSS, FIT, VA, ESTR
DD = 100 * (DIXMAX FIT) / DIXMAX
IF C$ = 'p' OR C$ = 'P' THEN
LPRINT FOSS, : LPRINT VA, : LPRINT USING '###.##'; DD, :
LPRINT ';ESTR-GFIN
LPRINT "
LPRINT 'FOSSIL RECORD (ORGANISMS, ASCII VALUE,
IDEAL ADAPTATION ( %), & GENERATION)'
LPRINT "

ELSE

PRINT FOSS, : PRINT VA, : PRINT USING '###.##'; DD, :
PRINT "; ESTR - GFIN
PRINT "
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PRINT 'FOSSIL RECORD (ORGANISMS, ASCII VALUE, IDEAL
ADAPTATION (%), & GENERATION)'
PRINT "
END IF
K = 0

WHILE NOT EOF(1)
INPUT #1, FOS$, FIT, VA, ESTR
FF = 100 (DIXMAX - FIT) / DIXMAX
IF C$ = 'P' OR C$ = 'p' THEN
LPRINT FOS$, : LPRINT VA, : LPRINT USING ' # # #. # #'; FF, :

LPRINT "; ESTR - GFIN
ELSE

K = K + 1

IF K < = 15 THEN
PRINT FOS$, : PRINT VA, : PRINT USING ' # # #. # #'; FF,

PRINT "; ESTR GFIN
ELSE
PRINT 'PRESS ANY KEY TO CONTINUE'
BB$ = INPUT$(1)

CLS
K = 0
END IF
END IF
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WEND

CLOSE #1

PRINT "

PRINT 'END OF LINEAGE RECORD, PRESS'S' TO START
AGAIN OR 'E' TO EXIT'
DO

G$ =1NPUT$(1)

IF INSTR('SEse', G$) = 0 THEN BEEP
LOOP WHILE INSTR('ES,es', G$) = 0
IF G$ = 'S' OR G$ = 's' THEN
RUN 'AZAR4'
ELSE

END IF

END

2000 REM TO RECORD PAST ORGANISMS AND DISTANCES
IF G = 0 THEN
WRITE #1, MED$
ELSE

WRITE #1, FRA$, DIX, AV, G
END IF

RETURN
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X. GLOSSARY

Adaptation Any characteristic that helps an organism to survive so that it may reproduce. A character-
istic that may be an adaptation in one environment is not necessarily an adaptation in all environments.

Allele One of the various forms of a gene for aparticular trait. For instance, ear lobe attachment is

controlled by a pair of genes with two alleles for the trait, attached or free.

Analogy Two or more structures that have the same function, but different evolutionary origins. The
classic example is the butterfly wing and the wing of a bird. Contrast with homology.

Apostatic Selection Selecting common forms of prey while ignoring rare ones.

Artficial Classification A classification scheme that uses any traits to place organism in categories
with no concern for their evolutionary relationships. For instance, classifying organisms into groups by
color, size, or shape would be an artifical system. This explains why whales and fish are frequently
grouped together.

Biostratigraphy Stratigraphy is the science examining the nature of rock layers (strata), and bios-
tratigraphy is the science using the additional evidence of fossils to investigate strata.

Cladistic Classification A method of classification in which animals and plants are placed into

taxonomic groups when they share characteristics that are thought to indicate common ancestry. It is

based on the assumption that two new species are formed suddenly, by splitting from a common ancestor,
and not by gradual evolutionary change.

Constructivism A learning theory suggesting that the most important predictor of future learning is

what the learner already knows. This prior knowledge affects the way in which learners observe the world
around them and is the foundation on which future learning is based.

Creationism A nonscientific idea that has the central premise that species have not evolved but were
created individually and independently of each other.

Cryptic Coloration Coloration that serves to conceal, especially in animals.

Darwin-Wallace Model The explanation of how evolution occurs proposed independently by
Charles Darwin and Russell Wallace in the mid-1800s. (See natural selection.)
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Descent with Modification The term that Darwin used to describe what is now called "evolution by

natural selection." (See natural selection.)

Evolution The idea that the species alive today have descended (with changes) from related species

that lived in the past.

Evolution/Creation Controversy (See creationism.)

Gradualism A principle inherent in the Darwin-Wallace Model of evolution by natural selection that

there has been constant slow change in species through time. Contrast this with the idea of punctuated

equilibrium.

Hardy-Weinberg Equation, Principle, or Law A mathematical relationship seen in large randomly-

mating populations. The law states that the gene frequency in the population stays the same as long as

mutations, differential mating, and gene selection do not occur. The mutations causing new characteristics

in organisms violate Hardy-Weinberg but provide the raw material of evolution.

Heterozygous A condition in which the pair of genes that code for a particular trait contain the same

alleles. In the case of eye color controlled by a single pair of genes a heterozygous condition exists

when one gene codes for blue eye color, and the other gene codes for brown. Compare with homozygous.

Homology Structures that now may look quite different and are descended from a common ancestral

form. The arm of a human and the wings of birds and bats are homologous structures. Contrast with

analogy.

Lamarckism The idea proposed by Jean Baptist de Lamarck suggesting that changes in an organism

during its life will affect offspring of that individual. Also known as the principle of "use and disuse." We

now know that no changes in body cells will have an effect on the nature of an organism's offspring.

Macroevolution Evolutionary change involving relatively large and complex steps.

Microevolution Evolutionary change resulting from selective accumulation of minute variations.

Contrast with macroevolution.

Natural Classification A classification scheme that uses evolutionarily-derived traits to place only

related organisms together in categories. For instance, although whales and dogs appear to be unrelated,

they have enough evolutionarily-derived characteristics that they are grouped together in the same class.

Natural Selection A theory used to explain how evolution occurs. In summary, natural selection states

that there is natural variation within members of a species; species produce more offspring than can

survive; some characteristics are favored over others because of environmental conditions. Those indi-

viduals favored by the environment because of the characteristics they possess will survive, reproduce

and pass favored traits and others on to the next generation.

New Synthesis A reference to research that has been done with respect to evolutionary biology since

the time of the Darwin-Wallace model. The New Evolutionary Synthesis has improved our knowledge of
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evolution but has neither negated the theory of evolution by natural selection nor the fact of evolution
itself.

Parthenogenesis Reproduction by development of an unfertilized gamete that occurs especially
among lower plants and invertebrate animals.

Piagetian Framework A reference to the work of Jean Piaget, who has shown that individuals move
through several mental stages called developmental stages before reaching fully-abstract thinking.
Educators are advised to structure learning activities at an appropriate developmental level.

Phenetic Classification Classificatory systems or procedures that are based on overall similarity --
usually of many characters without regard to the evolutionary history of the organisms involved.

Phylogeny Line of evolutionary descent. Modern taxonomy is founded on the principle of phylogeny
so that organisms that are thought to be descended from each other are classified together.

Phyletic Gradualism (See gradualism.)

Punctuated Equilibrium A new interpretation of the mode and tempo evolution proposed by Gould
and Eldredge in which species remain unchanged (in equilibrium) for long periods of time, and then
speciation suddenly (punctuated) occurs. Contrast this with gradualism.

Speciation The separation of one ancestral species into two different species. Speciation is thought to
occur when a subpopulation of the ancestral group is separated for a prolonged period and exposed to
different environmental conditions.

Systematics The study of classification systems and relationships among organisms.

Taxonomy The study of the classification of organisms.
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