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AT MIDNIGHT ON DECEMBER 31, 1999, MAS-
sive displays of fireworks exploded in
many places on Earth as people celebrated a
new millennium—the passage from one
thousand-year time frame into the next—and the advent of
the year 2000. One such millennial display took place above
the Egyptian pyramids.

We are impressed with the size of the pyramids, how
difficult it must have been to build them, and how ancient
they are. The oldest of these awe-inspiring monuments to
human achievement was built more than 4,000 years ago;
in the human experience, this makes the Egyptian pyra-
mids very, very old. Yet from the perspective of the age of
Earth and the time over which life has been evolving, the
pyramids are extremely young. Indeed, if the history of
Earth is visualized as a 30-day month, recorded human his-
tory—the dawn of which coincides roughly with the con-
struction of the earliest pyramids—is confined to the last 30
seconds of the final day of the month (Figure 1.1).

The development of modern biology depended on the
recognition that an immense length of time was available
for life to arise and evolve its current richness. But for most
of human history, people had no reason to suspect that
Earth was so old. Until the discovery of radioactive decay at
the beginning of the twentieth century, no methods existed
to date prehistoric events. By the middle of the nineteenth
century, however, studies of rocks and the fossils they con-
tained had convinced geologists that Earth was much older
than had generally been believed. Darwin could not have
conceived his theory of evolution by natural selection had
he not understood that Earth was very ancient.

In this chapter we review the events leading to the ac-
ceptance of the fact that life on Earth has evolved over sev-
eral billion years. We then summarize how evolutionary
mechanisms adapt organisms to their environments, and we
review the major milestones in the evolution of life on Earth.
Finally, we briefly describe how scientists generate new
knowledge, how they develop and test hypotheses, and
how that knowledge can be used to inform public policy.

A Celebration of Time

One millennial fireworks display celebrating the year 2000 took
place over the ancient pyramids of Egypt, structures that repre-
sent more than 4,000 years of human history but an infinitesimal
portion of Earth’s geologic history.

An Evolutionary Framework for Biology

Organisms Have Changed
over Billions of Years

Long before the mechanisms of biological evolution were
understood, some people realized that organisms had
changed over time and that living organisms had evolved
from organisms no longer alive on Earth. In the 1760s, the
French naturalist Count George-Louis Leclerc de Buffon
(1707-1788) wrote his Natural History of Animals, which con-
tained a clear statement of the possibility of evolution. Buf-
fon originally believed that each species had been divinely
created for a particular way of life, but as he studied animal
anatomy, doubts arose. He observed that the limb bones of
all mammals, no matter what their way of life, were re-
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ory of evolutionary processes. By then geologists had shown
that Earth had existed and changed over millions of years,
not merely a few thousand years. The presentation of a
well-documented and thoroughly scientific argument for
evolution then triggered a transformation of biology.

The theory of evolution by natural selec-
tion was proposed independently by
Charles Darwin and Alfred Russel Wallace
in 1858. We will discuss evolutionary theory
in detail in Chapter 21, but its essential fea-
tures are easy to understand. The theory
rests on two facts and one inference drawn
from them. The two facts are:
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1.1 Life’s Calendar

If the history of Earth is depicted on the
scale of a 30-day calendar month, record-
ed human history takes up only the last
30 seconds.

markably similar in many details (Figure 1.2). Buffon also
noticed that the legs of certain mammals, such as pigs, have
toes that never touch the ground and appear to be of no
use. He found it difficult to explain the presence of these
seemingly useless small toes by special creation.

Both of these troubling facts could be explained if mam-
mals had not been specially created in their present forms,
but had been modified over time from an ancestor that was
common to all mammals. Buffon suggested that the limb
bones of mammals might all have been inherited, and that
pigs might have functionless toes because they inherited
them from ancestors with fully formed and functional toes.
Buffon’s idea was an early statement of evolution (descent
with modification), although he did not attempt to explain
how such changes took place.

Buffon’s student Jean Baptiste de Lamarck (1744-1829)
was the first person to propose a mechanism of evolution-
ary change. Lamarck suggested that lineages of organisms
may change gradually over many generations as offspring
inherit structures that have become larger and more highly
developed as a result of continued use or, conversely, have
become smaller and less developed as a result of disuse.

seconds of day 30.

even slowly reproducing ones, are suffi-
ciently high that populations would
quickly become enormous if mortality
rates did not balance reproductive rates.

» Organisms of all types are variable, and offspring are
similar to their parents because they inherit their fea-
tures from them.

The inference is:

» The differences among individuals influence how well
those individuals survive and reproduce. Traits that
increase the probability that their bearers will survive
and reproduce are more likely to be passed on to their
offspring and to their offspring’s offspring.

Darwin called the differential survival and reproductive
success of individuals natural selection. The remarkable
features of all organisms have evolved under the influence
of natural selection. Indeed, the ability to evolve by means of
natural selection clearly separates life from nonlife.

Biology began a major conceptual shift a little more than
a century ago with the general acceptance of long-term evo-
lutionary change and the recognition that differential sur-
vival and reproductive success is the primary process that
adapts organisms to their environments. The shift has taken
a long time because it required abandoning many compo-
nents of an earlier worldview. The pre-Darwinian view
held that the world was young, and that organisms had
been created in their current forms. In the Darwinian view,
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1.2 Mammals Have Similar Limbs

Mammalian forelimbs have different purposes, but the number
and types of their bones are similar, indicating that they have
been modified over time from a common ancestor.

the world is ancient, and both Earth and its inhabitants
have been continually changing. In the Darwinian view of
the world, organisms evolved their particular features be-
cause individuals with those features survived and repro-
duced better than individuals with different features.

Adopting this new view of the world means accepting
not only the processes of evolution, but also the view that
the living world is constantly evolving, and that evolution-
ary change occurs without any “goals.” The idea that evo-
lution is not directed toward a final goal or state has been
more difficult for many people to accept than the process of
evolution itself. But even though evolution has no goals,
evolutionary processes have resulted in a series of pro-
found changes—milestones—over the nearly 4 billion years
life has existed on Earth.

Evolutionary Milestones

The following overview of the major milestones in the evo-
lution of life provides both a framework for presenting the
characteristics of life that will be described in this book and
an overview of how those characteristics evolved during
the history of life on Earth.

Life arises from nonlife

All matter, living and nonliving, is made up of chemicals.
The smallest chemical units are atoms, which bond together
into molecules; the properties of those molecules are the
subject of Chapter 2. The processes leading to life began
nearly 4 billion years ago with interactions among small
molecules that stored useful information.

The information stored in these simple molecules even-
tually resulted in the synthesis of larger molecules with
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complex but relatively stable shapes. Because they were
both complex and stable, these units could participate in
increasing numbers and kinds of chemical reactions. Some
of these large molecules—carbohydrates, lipids, proteins,
and nucleic acids—are found in all living systems and per-
form similar functions. The properties of these complex
molecules are the subject of Chapter 3.

Cells form from molecules

About 3.8 billion years ago, interacting systems of mole-
cules came to be enclosed in compartments surrounded by
membranes. Within these membrane-enclosed units, or
cells, control was exerted over the entrance, retention, and
exit of molecules, as well as the chemical reactions taking
place within the cell. Cells and membranes are the subjects
of Chapters 4 and 5.

Cells are so effective at capturing energy and replicating
themselves—two fundamental characteristics of life—that
since the time they evolved, they have been the unit on
which all life has been built. Experiments by the French
chemist and microbiologist Louis Pasteur and others dur-
ing the nineteenth century convinced most scientists that,
under present conditions on Earth, cells do not arise from
noncellular material, but must come from other cells.

For 2 billion years, cells were tiny packages of molecules
each enclosed in a single membrane. These prokaryotic
cells lived autonomous lives, each separate from the other.
They were confined to the oceans, where they were
shielded from lethal ultraviolet sunlight. Some prokaryotes
living today may be similar to these early cells (Figure 1.3).

1.3 Early Life May Have Resembled These Cells
“Rock-eating” bacteria, appearing red in this artificially colored
micrograph, were discovered in pools of water trapped between
layers of rock more than 1,000 meters below Earth’s surface.
Deriving chemical nutrients from the rocks and living in an envi-
ronment devoid of oxygen, they may resemble some of the earli-
est prokaryotic cells.
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To maintain themselves, to grow, and to reproduce,
these early prokaryotes, like all cells that have subsequently
evolved, obtained raw materials and energy from their en-
vironment, using these as building blocks to synthesize
larger, carbon-containing molecules. The energy contained
in these large molecules powered the chemical reactions
necessary for the life of the cell. These conversions of mat-
ter and energy are called metabolism.

All organisms can be viewed as devices to capture,
process, and convert matter and energy from one form to
another; these conversions are the subjects of Chapters 6
and 7. A major theme in the evolution of life is the development
of increasingly diverse ways of capturing external energy and
using it to drive biologically useful reactions.

Photosynthesis changes Earth’s environment

About 2.5 billion years ago, some organisms evolved the
ability to use the energy of sunlight to power their metabo-
lism. Although they still took raw materials from the envi-
ronment, the energy they used to metabolize these materi-
als came directly from the sun. Early photosynthetic cells
were probably similar to present-day prokaryotes called
cyanobacteria (Figure 1.4). The energy-capturing process
they used—photosynthesis—is the basis of nearly all life
on Earth today; it is explained in detail in Chapter 8. It used
new metabolic reactions that exploited an abundant source
of energy (sunlight), and generated a new waste product
(oxygen) that radically changed Earth’s atmosphere.

The ability to perform photosynthetic reactions probably
accumulated gradually during the first billion years or so of
evolution, but once this ability had evolved, its effects were
dramatic. Photosynthetic prokaryotes became so abundant
that they released vast quantities of oxygen gas (O,) into
the atmosphere. The presence of oxygen opened up new
avenues of evolution. Metabolic reactions that use O,,
called aerobic metabolism, came to be used by most organ-
isms on Earth. The oxygen in the air we breathe today
would not exist without photosynthesis.

Over a much longer time, the vast quantities of oxygen
liberated by photosynthesis had another effect. Formed
from O,, ozone (O,) began to accumulate in the upper at-
mosphere. The ozone slowly formed a dense layer that
acted as a shield, intercepting much of the sun’s deadly ul-
traviolet radiation. Eventually (although only within the
last 800 million years of evolution), the presence of this
shield allowed organisms to leave the protection of the
oceans and establish new lifestyles on Earth’s land sur-
faces.

Sex enhances adaptation

The earliest unicellular organisms reproduced by doubling
their hereditary (genetic) material and then dividing it into
two new cells, a process known as mitosis. The resulting
progeny cells were identical to each other and to the parent.
That is, they were clones. But sexual reproduction—the
combining of genes from two cells in one cell—appeared

early during the evolution of life. Sexual reproduction is
advantageous because an organism that combines its ge-
netic information with information from another individual
produces offspring that are more variable. Reproduction with
variation is a major characteristic of life.

Variation allows organisms to adapt to a changing envi-
ronment. Adaptation to environmental change is one of
life’s most distinctive features. An organism is adapted to a
given environment when it possesses inherited features
that enhance its survival and ability to reproduce in that en-
vironment. Because environments are constantly changing,
organisms that produce variable offspring have an advan-
tage over those that produce genetically identical “clones,”
because they are more likely to produce some offspring bet-
ter adapted to the environment in which they find them-
selves.

Eukaryotes are “cells within cells”

As the ages passed, some prokaryotic cells became large
enough to attack, engulf, and digest smaller cells, becoming
the first predators. Usually the smaller cells were destroyed
within the predators’ cells. But some of these smaller cells
survived and became permanently integrated into the oper-
ation of their hosts’ cells. In this manner, cells with complex
internal compartments arose. We call these cells eukaryotic
cells. Their appearance slightly more than 1.5 billion years
ago opened more new evolutionary opportunities.
Prokaryotic cells—the Bacteria and Archaea—have no
membrane-enclosed compartments. Eukaryotic cells, on the

1.4 Oxygen Produced by Prokaryotes Changed

Earth’s Atmosphere

These modern cyanobacteria are probably very similar to early
photosynthetic prokaryotes.



Eukaryotic cells contain many
membrane-enclosed compartments,
known as organelles.

1.5 Multiple Compartments Characterize Eukaryotic Cells
The nucleus and other specialized organelles probably evolved
from small prokaryotes that were ingested by a larger prokaryotic
cell. This is a photograph of a single-celled eukaryotic organism
known as a protist.

other hand, are filled with membrane-enclosed compart-
ments. In eukaryotic cells, genetic material—genes and
chromosomes—became contained within a discrete nucleus
and became increasingly complex. Other compartments be-
came specialized for other purposes, such as photosynthe-
sis. We refer to these specialized compartments as organ-
elles (Figure 1.5).

Multicellularity permits specialization of cells

Until slightly more than 1 billion years ago, only single-
celled organisms existed. Two key developments made the
evolution of multicellular organisms—organisms consisting
of more than one cell—possible. One was the ability of a
cell to change its structure and functioning to meet the chal-
lenges of a changing environment. This was accomplished
when prokaryotes evolved the ability to change from rap-
idly growing cells into resting cells called spores that could
survive harsh environmental conditions. The second devel-
opment allowed cells to stick together in a “clump” after
they divided, forming a multicellular organism.

Once organisms could be composed of many cells, it be-
came possible for the cells to specialize. Certain cells, for
example, could be specialized to perform photosynthesis.
Other cells might become specialized to transport chemical
materials such as oxygen from one part of an organism to
another. Very early in the evolution of multicellular life,
certain cells began to be specialized for sex—the passage of
new genetic information from one generation to the next.

With the presence of specialized sex cells, genetic trans-
mission became more complicated. Simple nuclear divi-
sion—mitosis—was and is sufficient for the needs of most
cells. But among the sex cells, or gametes, a whole new
method of nuclear division—meiosis—evolved. Meiosis al-
lows gametes to combine and rearrange the genetic infor-
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mation from two distinct parent organisms into a genetic
package that contains elements of both parent cells but is
different from either. The recombinational possibilities
generated by meiosis had great impact on variability and
adaptation and on the speed at which evolution could
occur.

Mitosis and meiosis are covered in detail in Chapter 9.

Controlling internal environments
becomes more complicated

The pace of evolution, quickened by the emergence of sex
and multicellular life, was also heightened by changes in
Earth’s atmosphere that allowed life to move out of the
oceans and exploit environments on land. Photosynthetic
green plants colonized the land, providing a rich source of
energy for a vast array of organisms that consumed them.
But whether it is made up of one cell or many, an organism
must respond appropriately to its external environment.
Life on land presented a new set of environmental chal-
lenges.

In any environment, external conditions can change
rapidly and unpredictably in ways that are beyond an or-
ganism’s control. An organism can remain healthy only if
its internal environment remains within a given range of
physical and chemical conditions. Organisms maintain rel-
atively constant internal environments by making meta-
bolic adjustments to changes in external and internal con-
ditions such as temperature, the presence or absence of
sunlight, the presence or absence of specific chemicals, the
need for nutrients (food) and water, or the presence of for-
eign agents inside their bodies. Maintenance of a relatively
stable internal condition—such as a constant human body
temperature despite variation in the temperature of the
surrounding environment—is called homeostasis. A major
theme in the evolution of life is the development of increasingly
complicated systems for maintaining homeostasis.

Multicellular organisms undergo regulated growth

Multicellular organisms cannot achieve their adult shapes
or function effectively unless their growth is carefully regu-
lated. Uncontrolled growth—one example of which is can-
cer—ultimately destroys life. A vital characteristic of living
organisms is regulated growth. Achieving a functional multi-
cellular organism requires a sequence of events leading
from a single cell to a multicellular adult. This process is
called development.

The adjustments that organisms make to maintain con-
stant internal conditions are usually minor; they are not ob-
vious, because nothing appears to change. However, at
some time during their lives, many organisms respond to
changing conditions not by maintaining their status, but by
undergoing major cellular and molecular reorganization.
An early form of such developmental reorganization was
the prokaryotic spores that were generated in response to
environmental stresses. A striking example that evolved
much later is metamorphosis, seen in many modern in-
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1.6 Organisms May Change
Dramatically During Their Lives
The caterpillar, pupa, and adult are
all stages in the life cycle of a
monarch butterfly. The transition
from one stage to another is trig-
gered by internal signals.

sects, such as butterflies. In response to internal chemical
signals, a caterpillar changes into a pupa and then into an
adult butterfly (Figure 1.6).

The activation of gene-based information within cells
and the exchange of signal information among cells
produce the well-timed events that are required for the
transition to the adult form. Genes control the metabolic
processes necessary for life. The nature of the genetic mate-
rial that controls these lifelong events has been understood
only within the twentieth century; it is the story to which
much of Part Two of this book is devoted.

Altering the timing of development can produce striking
changes. Just a few genes can control processes that result
in dramatically different adult organisms. Chimpanzees
and humans share more than 98 percent of their genes, but
the differences between the two in form and in behavioral
abilities—most notably speech—are dramatic (Figure 1.7).
When we realize how little information it sometimes takes
to create major transformations, the still mysterious process
of speciation becomes a little less of a mystery.

Speciation produces the diversity of life

All organisms on Earth today are the descendants of a kind
of unicellular organism that lived almost 4 billion years
ago. The preceding pages described the major evolutionary
events that have led to more complex living organisms. The
course of this evolution has been accompanied by the stor-
age of larger and larger quantities of information and in-
creasingly complex mechanisms for using it. But if that
were the entire story, only one kind of organism might exist

on Earth today. Instead, Earth is populated by many mil-
lions of kinds of organisms that do not interbreed with one
another. We call these genetically independent groups of
organisms species.

As long as individuals within a population mate at ran-
dom and reproduce, structural and functional changes may
occur, but only one species will exist. However, if a popula-
tion becomes divided into two or more groups, and indi-
viduals can mate only with individuals in their own group,
differences may accumulate with time, and the groups may
evolve into different species.

The splitting of groups of organisms into separate
species has resulted in the great variety of life found on
Earth today, as described in Chapter 20. How species form
is explained in Chapter 22. From a single ancestor, many
species may arise as a result of the repeated splitting of
populations. How biologists determine which species have
descended from a particular ancestor is discussed in Chap-
ter 23.

1.7 Genetically Similar Yet Very Different
By looking at the two, you might be surprised to learn that chim-
panzees and humans share more than 98 percent of their genes.



Sometimes humans refer to species as “primitive” or
“advanced.” These and similar terms, such as “lower” and
“higher,” are best avoided because they imply that some or-
ganisms function better than others. In this book, we use
the terms “ancestral” and “derived” to distinguish charac-
teristics that appeared earlier from those that appeared
later in the evolution of life.

It is important to recognize that all living organisms are
successfully adapted to their environments. The wings that
allow a bird to fly and the structures that allow green plants
to survive in environments where water is either scarce or
overabundant are examples of the rich array of adaptations
found among organisms (Figure 1.8).

The Hierarchy of Life

Biologists study life in two complementary ways:

» They study structures and processes ranging from the
simple to the complex and from the small to the large.
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1.8 Adaptations to the Environment

(a) The long, pointed wings of the peregrine falcon allow it to
accelerate rapidly as it dives on its prey. (b) The action of a hum-
mingbird’s wings allows it to hover in front of a flower while it
extracts nectar. (c) In a water-limited environment, this saguaro
cactus stores water in its fleshy trunk. Its roots spread broadly to
extract water immediately after it rains. (d) The aboveground root
system of mangroves is an adaptation that allows these plants to
thrive while inundated by salt water—an environment that would
kill most terrestrial plants.

» They study the patterns of life’s evolution over billions
of years to determine how evolutionary processes have
resulted in lineages of organisms that can be traced
back to recent and distant ancestors.

These two themes of biological investigation help us syn-
thesize the hierarchical relationships among organisms and
the role of these relationships in space and time. We first
describe the hierarchy of interactions among the units of bi-
ology from the smallest to the largest—from cells to the
biosphere. Then we turn to the hierarchy of evolutionary
relationships among organisms.
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Biological communities exchange

energy with one another, combining
to create the biosphere of Earth.

Molecules are made up of atoms,
and in turn are organized into the
cells that are the basis of life.

COMMUNITY
(coral reef)

Communities consist of populations
of many different species.

Cells of many types are th
working components of living
organisms.

A tissue is a group of many

cells with similar and
coordinated functions.

Organs combine several tissues
that function together. Organs
in turn form systems, such as
the nervous system.

ORGANISM

(fish) 22

An organism is a recognizable, self-
contained individual made up of
organs and organ systems.

= POPULATION

A population is a group of many
organisms of the same species.
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<« 1.9 The Hierarchy of Life

The individual organism is the central unit of study in biology, but
understanding it requires a knowledge of many levels of biologi-
cal organization both above and below it. At each higher level,
additional and more complex properties and functions emerge.

Biologists study life at different levels

Biology can be visualized as a hierarchy in which the units,
from the smallest to the largest, include atoms, molecules,
cells, tissues, organs, organisms, populations, and commu-
nities (Figure 1.9).

The organism is the central unit of study in biology.
Parts Five and Six of this book discuss organismal biology
in detail. But to understand organisms, biologists must
study life at all its levels of organization. Biologists study
molecules, chemical reactions, and cells to understand the
operations of tissues and organs. They study organs and
organ systems to determine how organisms function and
maintain internal homeostasis. At higher levels in the hier-
archy, biologists study how organisms interact with one an-
other to form social systems, populations, ecological com-
munities, and biomes, which are the subjects of Part Seven
of this book.

Each level of biological organization has properties,
called emergent properties, that are not found at lower lev-
els. For example, cells and multicellular organisms have
characteristics and carry out processes that are not found in
the molecules of which they are composed.

Emergent properties arise in two ways. First, many emer-
gent properties of systems result from interactions among their
parts. For example, at the organismal level, developmental
interactions of cells result in a multicellular organism
whose adult features are vastly richer than those of the sin-
gle cell from which it grew. Other examples of properties
that emerge through complex interactions are memory and
emotions. In the human brain, these properties result from
interactions among the brain’s 10'? (trillion) cells with their
10" (quadrillion) connections. No single cell, or even small
group of cells, possesses them.

Second, emergent properties arise because aggregations have
collective properties that their individual units lack. For ex-
ample, individuals are born and they die; they have a life
span. An individual does not have a birth rate or a death
rate, but a population (composed of many individuals)
does. Birth and death rates are emergent properties of a
population. Evolution is an emergent property of popula-
tions that depends on variation in birth and death rates,
which emerges from the different life spans and reproduc-
tive success of individuals in the various populations.

Emergent properties do not violate the principles that
operate at lower levels of organization. However, emergent
properties usually cannot be detected, predicted, or even
suspected by studying lower levels. Biologists could never
discover the existence of human emotions by studying sin-
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gle nerve cells, even though they may eventually be able to
explain it in terms of interactions among many nerve cells.

Biological diversity is organized hierarchically

As many as 30 million species of organisms inhabit Earth
today. Many times that number lived in the past but are
now extinct. If we go back four billion years, to the origin of
life, all organisms are believed to be descended from a sin-
gle common ancestor. The concept of a common ancestor is
crucial to modern methods of classifying organisms. Orgarn-
isms are grouped in ways that attempt to define their evolution-
ary relationships, or how recently the different members of the
group shared a common ancestor.

To determine evolutionary relationships, biologists as-
semble facts from a variety of sources. Fossils tell us where
and when ancestral organisms lived and what they looked
like. The physical structures different organisms share—
toes among mammals, for example—can be an indication
of how closely related they are. But a modern “revolution”
in classification has emerged because technologies devel-
oped in the past 30 years now allow us to compare the
genomes of organisms: We can actually determine how
many genes different species share. The more genes species
have in common, the more recently they probably shared a
common ancestor.

Because no fossil evidence for the earliest forms of life
remains, the decision to divide all living organisms into
three major domains—the deepest divisions in the evolu-
tionary history of life—is based primarily on molecular evi-
dence (Figure 1.10). Although new evidence is constantly
being brought to light, it seems clear that organisms be-
longing to a particular domain have been evolving sepa-
rately from organisms in the other two domains for more
than a billion years.

Organisms in the domains Archaea and Bacteria are
prokaryotes—single cells that lack a nucleus and the other
internal compartments found in the Eukarya. Archaea and
Bacteria differ so fundamentally from each other in the
chemical reactions by which they function and in the prod-
ucts they produce that they are believed to have separated
into distinct evolutionary lineages very early during the
evolution of life. These domains are covered in Chapter 26.

Members of the third domain have eukaryotic cells con-
taining nuclei and complex cellular compartments called
organelles. The Eukarya are divided into four groups—the
protists and the classical kingdoms Plantae, Fungi, and An-
imalia (see Figure 1.10). Protists, the subject of Chapter 27,
are mostly single-celled organisms. The remaining three
kingdoms, whose members are all multicellular, are be-
lieved to have arisen from ancestral protists.

Some bacteria, some protists, and most members of the
kingdom Plantae (plants) convert light energy to chemical
energy by photosynthesis. The biological molecules that
they produce are the primary food for nearly all other living
organisms. The Plantae are covered in Chapters 28 and 29.

The Fungi, the subject of Chapter 30, include molds,
mushrooms, yeasts, and other similar organisms, all of
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Domains
F—‘g\
BACTERIA
Common
ancestor of

all organisms

ARCHAEA

/ EUKARYA

Archaea and Eukarya share
a common ancestor not
shared by Bacteria.

1.10 The Major Groups of Organisms

The classification system used in this book divides Earth's organ-
isms into three domains.The domain Eukarya contains numerous
groups of unicellular and multicellular organisms. This "tree" dia-
gram gives information on evolutionary relationships among the
groups, as described in Chapter 23.

which are heterotrophs: They require a food source of en-
ergy-rich molecules synthesized by other organisms. Fungi
absorb food substances from their surroundings and break
them down (digest them) within their cells. They are impor-
tant as decomposers of the dead bodies of other organisms.

Members of the kingdom Animalia (animals) are also
heterotrophs. These organisms ingest their food source,
digest the food outside their cells, and then absorb the
products. Animals get their raw materials and energy by
eating other forms of life. Perhaps because we are animals
ourselves, we are often drawn to study members of this
kingdom, which is covered in Chapters 31, 32, and 33.

The biological classification system used today has
many hierarchical levels in addition to the ones shown in
Figure 1.10. We will discuss the principal levels in Chapter
23. But to understand some of the terms we will use in the
intervening chapters, you need to know that each species of
organism is identified by two names. The first identifies the
genus—a group of species that share a recent common an-
cestor—of which the species is a member. The second name
is the species name. To avoid confusion, a particular combi-
nation of two names is assigned to only a single species.
For example, the scientific name of the modern human
species is Homo sapiens.

Asking and Answering “How?” and “Why?”

Because biology is an evolutionary science, biological
processes and products can be viewed from two different
but complementary perspectives. Biologists ask, and try to
answer, functional questions: How does it work? They also

Bacteria

Archaea

Protists

Plantae %
- Fun@. ”
Animalia w
Modern protists are diverse and
stem from several different lineages.

ask, and try to answer, adaptive questions: Why has it
evolved to work that way?

Suppose, for example, that some marine biologists walk-
ing on mudflats in the Bay of Fundy, Nova Scotia, Canada,
observe many amphipods (tiny relatives of shrimps and
lobsters) crawling on the surface of the mud (Figure 1.11).
Two obvious questions they might ask are

» How do these animals crawl?
» Why do they crawl?

To answer the “how” question, the scientists would investi-
gate the molecular mechanisms underlying muscular con-
traction, nerve and muscle interactions, and the receipt of
stimuli by the amphipods” brains. To answer the “why”
question, they would attempt to determine why crawling
on the mud is adaptive—that is, why it improves the sur-
vival and reproductive success of amphipods.

Is either of these two types of questions more basic or
important than the other? Is any one of the answers more
fundamental or more important than the other? Not really.
The richness of possible answers to apparently simple
questions makes biology a complex field, but also an excit-
ing one. Whether we're talking about molecules bonding,
cells dividing, blood flowing, amphipods crawling, or
forests growing, we are constantly posing both how and
why questions. To answer these questions, scientists gener-
ate hypotheses that can be tested.

Hypothesis testing guides scientific research

The most important motivator of most biologists is curios-
ity. People are fascinated by the richness and diversity of
life, and they want to learn more about organisms and how
they function and interact with one another. Curiosity is
probably an adaptive trait. Humans who were motivated to
learn about their surroundings are likely to have survived
and reproduced better, on average, than their less curious
relatives. We hope this book will help you share in the ex-



1.11 An Amphipod from the Mud Flats

Scientists studied this tiny crustacean (whose actual size of
approximately 1 centimeter is shown by the scale bar) in an
attempt to see whether its behavior changes when it is infected
by a parasitic worm.The female of this amphipod species is at the
top; the lower specimen is a male.

citement biologists feel as they develop and test hypothe-
ses. There are vast numbers of how and why questions for
which we do not have answers, and new discoveries usu-
ally engender questions no one thought to ask before. Per-
haps your curiosity will lead to an important new idea.
Underlying all scientific research is the hypothetico-
deductive (H-D) approach by which scientists ask ques-
tions and test answers. The H-D approach allows scientists
to modify and correct their beliefs as new observations and
information become available. The method has five stages:

» Making observations.

» Asking questions.

» Forming hypotheses, or tentative answers to the
questions.

» Making predictions based on the hypotheses.

» Testing the predictions by making additional observa-
tions or conducting experiments.

The data gained may support or contradict the predictions
being tested. If the data support the hypothesis, it is sub-
jected to still more predictions and tests. If they continue to
support it, confidence in its correctness increases, and the
hypothesis comes to be considered a theory. If the data do
not support the hypothesis, it is abandoned or modified in
accordance with the new information. Then new predic-
tions are made, and more tests are conducted.

Applying the hypothetico-deductive method

The way in which marine biologists answered the question
“Why do amphipods crawl on the surface of the mud rather
than staying hidden within?” illustrates the H-D approach.
As we saw above, the biologists observed something occur-
ring in nature and formulated a question about it. To begin
answering the question, they assembled available informa-
tion on amphipods and the species that eat them.

They learned that during July and August of each year,
thousands of sandpipers assemble for four to six weeks on
the mudflats of the Bay of Fundy, during their southward
migration from their Arctic breeding grounds to their win-
tering areas in South America (Figure 1.12). On these mud-
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1.12 Sandpipers Feed on Amphipods
Migrating sandpipers crowd the exposed tidal flats in search of
food. By consuming infected amphipods, the sandpipers also
become infected, serving as hosts and allowing the parasitic
worm to complete its life cycle.

flats, which are exposed twice daily by the tides, they feed
vigorously, putting on fat to fuel their next long flight. Am-
phipods living in the mud form about 85 percent of the diet
of the sandpipers. Each bird may consume as many as
20,000 amphipods per day!

Previous observations had shown that a nematode
(roundworm) parasitizes both the amphipods and the
sandpipers. To complete its life cycle, the nematode must
develop within both a sandpiper and an amphipod. The
nematodes mature within the sandpipers’ digestive tracts,
mate, and release their eggs into the environment in the
birds’ feces. Small larvae hatch from the eggs and search
for, find, and enter amphipods, where they grow through
several larval stages. Sandpipers are reinfected when they
eat parasitized amphipods.

GENERATING A HYPOTHESIS AND PREDICTIONS. Based on the
available information, biologists generated the following
hypothesis: Nematodes alter the behavior of their amphipod
hosts in a way that increases the chance that the worms will be
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1.13 Collecting Field Data

Amphipods are collected from the mud to be tested for infection
by parasites. Some of these crustaceans will be used in laboratory
experiments.

passed on to sandpiper hosts. From this general hypothesis
they generated two specific predictions.

» First, they predicted that amphipods infected by nema-
todes would increase their activity on the surface of the
mud during daylight hours, when the sandpipers hunt-
ed by sight, but not at night, when the sandpipers fed
less and captured prey by probing into the mud.

» Second, they predicted that only amphipods with late-
stage nematode larvae—the only stage that can infect
sandpipers—would have their behavior manipulated
by the nematodes.

For each hypothesis proposing an effect, there is a corre-
sponding null hypothesis, which asserts that the proposed
effect is absent. For the hypothesis we have just stated, the
null hypothesis is that nematodes have no influence on the
behavior of their amphipod hosts. The alternative predic-
tions that would support the null hypothesis are (1) that in-
fected amphipods show no increase their activity either
during the day or at night and (2) that all larval stages af-
fect their hosts in the same manner. It is important in hy-
pothesis testing to generate and test as many alternate hy-
potheses and predictions as possible.

TESTING PREDICTIONS. Investigators collected amphipods
in the field, taking them from the surface and from within
the mud, during the day and at night (Figure 1.13). They

found that during the day, amphipods crawling on the sur-
face were much more likely to be infected with nematodes
than were amphipods collected from within the mud. At
night, however, there was no difference between the pro-
portion of infected amphipods on the surface and those
burrowing within the mud. This evidence supported the
first prediction.

The field collections also showed that a higher propor-
tion of the amphipods collected on the surface than of those
collected from within the mud were parasitized by late-
stage nematode larvae. However, amphipods crawling on
the surface were no more likely to be infected by early-
stage nematode larvae than were amphipods collected from
the mud. These findings supported the second prediction.

To test the prediction that nematode larvae are more
likely to affect amphipod behavior once they become infec-
tive, biologists performed laboratory experiments. They ar-
tificially infected amphipods with nematode eggs they ob-
tained from sandpipers collected in the field. The infected
amphipods established themselves in mud in laboratory
containers.

By examining infected amphipods, investigators deter-
mined that it took about 13 days for the nematode larvae to
reach the late, infective stage. By monitoring the behavior
of the amphipods in the test tubes, the researchers deter-
mined that the amphipods were more likely to expose
themselves on the surface of the mud once the parasites
had reached the infective stage (Figure 1.14). This finding
supported the second prediction.

Thus a combination of field and laboratory experiments,
observation, and prior knowledge all supported the hy-
pothesis that nematodes manipulate the behavior of their
amphipod hosts in a way that decreases the survival of the
amphipods, but increases the survival of the nematodes.

As is common practice in all the sciences, the researchers
gathered all their data and collected them in a report, which
they submitted to a scientific journal. Once such a report is
published,* other scientists can evaluate the data, make
their own observations, and formulate new ideas and ex-
periments.

Experiments are powerful tools

The key feature of experimentation is the control of most
factors so that the influence of a single factor can be seen
clearly. In the laboratory experiments with amphipods, all
individuals were raised under the same conditions. As a re-
sult, the nematodes reached the infective stage at about the
same time in all of the infected amphipods.

Both laboratory and field experiments have their
strengths and weaknesses. The advantage of working in a
laboratory is that control of environmental factors is more

*In the case illustrated here, the data on amphipod behavior
were published in the journal Behavioral Ecology, Volume 10,
Number 4 (1998). D. McCurdy et al., “Evidence that the parasitic
nematode Skrjabinoclava manipulates host Corephium behavior to
increase transmission to the sandpiper, Calidris pusilla.”
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Question: Is the manipulation of amphipod host behavior
by a parasite equal at all times?

METHOD O

Infect a known number of SHRKA
amphipods with nematode larvae
(the experimental population).

Prepare another population of
amphipods known to be uninfected
(the control population).

Place the two populations in mud-
lined containers.

Test and count amphipods of each
population crawling on mud
surface, once at day 3 and once at
day 18. (Larvae reach the infective
stage at day 13.)

RESULTS

After 3 days, the proportions of the
parasitized and unparasitized amphipod
populations on the surface are similar.

3 days J
later

18 days | |
later | [

1 =l 1

50 75 100
Percent of amphipod population crawling
on the mud surface during the day
After the parasites become infective, the

proportion of parasitized amphipods on
the surface layer is much larger.

Conclusion: Parasitic nematodes influence their host’s
behavior only after they have reached the infective stage.

complete. Field experiments are more difficult because it is
usually impossible to control more than a small number of
environmental factors. But field experiments have one im-
portant advantage: Their results are more readily applica-
ble to what happens where the organisms actually live and
evolve. Just because an organism does something in the
laboratory does not mean that it behaves the same way in
nature. Because biologists usually wish to explain nature,
not processes in the laboratory, combinations of laboratory
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1.14 An Experiment Demonstrates that Parasites Influence
Amphipod Behavior

Amphipods are more likely to crawl on the surface of the mud,
exposing themselves to being captured by sandpipers, when their
parasitic nematodes have reached the stage at which they can
infect a sandpiper.

and field experiments are needed to test most hypotheses
about what organisms do.

A single piece of supporting evidence rarely leads to
widespread acceptance of a hypothesis. Similarly, a single
contrary result rarely leads to abandonment of a hypothe-
sis. Results that do not support the hypothesis being tested
can be obtained for many reasons, only one of which is that
the hypothesis is wrong. Incorrect predictions may have
been made from a correct hypothesis. A negative finding
can also result from poor experimental design, or because
an inappropriate organism was chosen for the test. For ex-
ample, a species of sandpiper that fed only by probing in
the mud for its prey would have been an unsuitable subject
for testing the hypothesis that nematodes alter their hosts
in a way to make them more visible to predators.

Accepted scientific theories are based on many
kinds of evidence

A general textbook like this one presents hypotheses and
theories that have been extensively tested, using a variety
of methods, and are generally accepted. When possible, we
illustrate hypotheses and theories with observations and
experiments that support them, but we cannot, because of
space constraints, detail all the evidence. Remember as you
read that statements of biological “fact” are mixtures of ob-
servations, predictions, and interpretations.

No amount of observation could possibly substitute for
experimentation. However, this does not mean that scien-
tists are insensitive to the welfare of the organisms with
which they work. Most scientists who work with animals
are continually alert to finding ways of getting answers that
use the smallest number of experimental subjects and that
cause the subjects the least pain and suffering.

Not all forms of inquiry are scientific

If you understand the methods of science, you can distin-
guish science from non-science. Recently some people have
claimed that “creation science,” sometimes called “scientific
creationism,” is a legitimate science that deserves to be
taught in schools together with the evolutionary view of
the world presented in this book. In spite of these claims,
creation science is not science.

Science begins with observations and the formulation of
hypotheses that can be tested and that will be rejected if
significant contrary evidence is found. Creation science be-
gins with the assertions, derived from religious texts, that
Earth is only a few thousand years old and that all species
of organisms were created in approximately their present
forms. These assertions are not presented as a hypothesis
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from which testable predictions can be derived. Advocates
of creation science assume their assertions to be true and
that no tests are needed, nor are they willing to accept any
evidence that refutes them.

In this chapter we have outlined the hypotheses that
Earth is about 4 billion years old, that today’s living organ-
isms evolved from single-celled ancestors, and that many
organisms dramatically different from those we see today
lived on Earth in the remote past. The rest of this book will
provide evidence supporting this scenario. To reject this
view of Earth’s history, a person must reject not only evolu-
tionary biology, but also modern geology, astronomy, chem-
istry, and physics. All of this extensive scientific evidence is
rejected or misinterpreted by proponents of “creation sci-
ence” in favor of their particular religious beliefs.

Evidence gathered by scientific procedures does not di-
minish the value of religious accounts of creation. Reli-
gious beliefs are based on faith—not on falsifiable hy-
potheses, as science is. They serve different purposes,
giving meaning and spiritual guidance to human lives.
They form the basis for establishing values—something
science cannot do. The legitimacy and value of both reli-
gion and science is undermined when a religious belief is
presented as scientific evidence.

Biology and Public Policy

During the Second World War and immediately thereafter,
the physical sciences were highly influential in shaping
public policy in the industrialized world. Since then, the bi-
ological sciences have assumed increasing importance. One
reason is the discovery of the genetic code and the ability to
manipulate the genetic constitution of organisms. These de-
velopments have opened vast new possibilities for im-
provements in the control of human diseases and agricul-
tural productivity. At the same time, these capabilities have
raised important ethical and policy issues. How much, and
in what ways, should we tinker with the genetics of people
and other species? Does it matter whether organisms are
changed by traditional breeding experiments or by gene
transfers? How safe are genetically modified organisms in
the environment and in human foods?

Another reason for the importance of the biological sci-
ences is the vastly increased human population. Our use of
renewable and nonrenewable natural resources is stressing
the ability of the environment to produce the goods and
services upon which society depends. Human activities are
causing the extinction of a large number of species and are
resulting in the spread of new human diseases and the
resurgence of old ones. Biological knowledge is vital for de-
termining the causes of these changes and for devising wise
policies to deal with them.

Therefore, biologists are increasingly called upon to ad-
vise governmental agencies concerning the laws, rules, and
regulations by which society deals with the increasing
number of problems and challenges that have at least a par-

tial biological basis. We will discuss these issues in many
chapters of this book. You will see how the use of biological
information can contribute to the establishment and imple-
mentation of wise public policies.

Chapter Summary

p If the history of Earth were a month with 30 days, recorded
human history would occupy only the last 30 seconds.
Review Figure 1.1

Organisms Have Changed over Billions of Years

p Evolution is the theme that unites all of biology. The idea
of, and evidence for, evolution existed before Darwin.
Review Figure 1.2

» The theory of evolution by natural selection rests on two
simple observations and one inference from them.

Evolutionary Milestones

p Life arose from nonlife about 3.8 billion years ago when
interacting systems of molecules became enclosed in mem-
branes to form cells.

» All living organisms contain the same types of large mole-
cules—carbohydrates, lipids, proteins, and nucleic acids.

» All organisms consist of cells, and all cells come from pre-
existing cells. Life no longer arises from nonlife.

» A major theme in the evolution of life is the development
of increasingly diverse ways of capturing external energy
and using it to drive biologically useful reactions.

» Photosynthetic single-celled organisms released large
amounts of oxygen into Earth’s atmosphere, making possible
the oxygen-based metabolism of large cells and, eventually,
multicellular organisms.

» Reproduction with variation is a major characteristic of
life. The evolution of sexual reproduction enhanced the abili-
ty of organisms to adapt to changing environments.

» Complex eukaryotic cells evolved when some large pro-
karyotes engulfed smaller ones. Eukaryotic cells evolved the
ability to “stick together” after they divided, forming multi-
cellular organisms. The individual cells of multicellular
organisms became modified for specific functions within the
organism. 5

» A major theme.in the evolution of life is the development

* of increasingly complicated systems for responding to

changes in the internal and external environments and for
maintaining homeostasis.

_ » Regulated growth is a vital characteristic of life.

» Speciation resulted in the millions of species living on
Earth today.

» Adaptation to environmental change is one of life’s most
distinctive features and is the result of evolution by natural
selection.

The Hierarchy of Life

» Biology is organized into a hierarchy of levels from mole-
cules to the biosphere. Each level has emergent properties
that are not found at lower levels. Review Figure 1.9

» Species are classified into three domains: Archaea, Bacteria,
and Eukarya. The domains Archaea and Bacteria consist of
prokaryotic cells. The domain Eukarya contains the protists
and the kingdoms Plantae, Fungi, and Animalia, all of which
have eukaryotic cells. Review Figure 1.10



