


lend credence to the theory of evolution. This evidence
helps to understand why, for example, islands in the
Galapagos are inhabited be various organisms that are
similar to those in the mainland, but belong to a different
species, or why thousands of snail species and other
mollusks are found only in Hawaii. A possible biologi-
cal explanation is that the diversity and number of relat-
ed species in these isolated habitats is a consequence of
the evolutionary mechanisms that arose from a small
number of common ancestors that were the original in-
habitants. With the greatness in ecological diversity in
different parts of the world and the absence of species
competing for resources necessary for survival, diversifi-
cation from evolutionary change was made possible.

If it is true that widely separated groups of organ-
isms have ancestors in common, then intuitively it sug-
gests they would have certain basic structures in com-
mon as well. The more structures they have in common,
the more closely related they must be. The study of evo-
lutionary relationships based on similarities and differ-
ences in the structural makeup of certain species is called
comparative anatomy. What scientists look for are struc-
tures that may serve entirely different functions, but are
basically similar. Such homologous (meaning the same)
structures suggest a common ancestor. A classic example
of this is the pentadactyl (five digits, as in the hand of
humans) limb, which in suitably modified forms can be
seen in all mammals. A even greater modified version of
this can also be seen amongst birds.

Evolutionary relationships are reflected in taxono-
my. Taxonomy is an artificial, hierarchical system show-
ing categorical relationships between species based on
specific defining characteristics. Each level within the
taxonomic system denotes a greater degree of related-
ness to a particular the organism if it is closer in the hi-
erarchical scheme.

In embryology, the developing fetus is studied, and
similarities with other organisms are observed. For ex-
ample, annelids and mollusks are very dissimilar as
adults. If, however, the embryo of a ragworm and a
whelk are studied, one sees that for much of their devel-
opment they are remarkably similar. Even the larvae of
these two species are very much alike. This suggests that
they both belong to a common ancestor. It is not, howev-
er, true that a developing organism replays its evolution-
ary stages as an embryo. There are some similarities
with the more conserved regions, but embryonic devel-
opment is subjected to evolutionary pressures as much as
other areas of the life cycle.

The analysis of developmental stages of various re-
lated species, particularly involving reproduction sug-
gests common descent and supports evolution. Sexual
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reproduction in both apes and humans, for example, is
very similar. Molecular biology also produces evidences
supporting evolution. Organisms such as fruit flies have
similar gene sequences that are active in specific times
during development and these sequences are very similar
to sequences in mice and even humans that are activated
in similar ways during development.

Even in cell biology, at the level of the individuals
cell, there is evidence of evolution in that there are many
similarities that can be observed when comparing vari-
ous cells from different organisms. Many structures and
pathways within the cell are important for life. The more
important and basic to the functioning of the tissues in
which cells contribute, the more likely it will be con-
served. For example, the DNA code (the genetic material
in the cell) is the very similar in comparing DNA from
different organisms.

In molecular biology, the concept of a molecular
clock has been suggested. The molecular clock related to
the average rate in which a gene (or a specific sequence
of DNA that encodes a protein) or protein evolves.
Genes evolve at different rates the proteins that they en-
code. This is because gene mutations often do not
change the protein. But due to mutations, the genetic se-
quence of a species changes over time. The more closely
related the two species, the more likely they will have
similar sequences of their genetic material, or DNA se-
quence. The molecular clock provides relationships be-
tween organisms and helps identify the point of diver-
gence between the two species. Pseudogenes are genes
that are part of an organisms DNA but that have evolved
to no longer have important functions. Pseudogenes,
therefore, represent another line of evidence supporting
evolution, which is based on concepts derived from mol-
ecular genetics.

Perhaps the most persuasive argument that favors
evolution is the fossil record. Paleontology (the study of
fossils) provides a record that many species that are ex-
tinct. By techniques such as carbon dating and studying
the placement of fossils within the ground, an age can be
assigned to the fossil. By placing fossils together based
on their ages, a gradual change in form can be identified,
which can be carefully compared to species that current-
ly exist. Although fossil records are incomplete, with
many intermediate species missing, careful analysis of
habitat, environmental factors at various timepoints,
characteristics of extinct species, and characteristics of
species that currently exist supports theories of evolution
and natural selection.

See also Evolution, convergent; Evolution, diver-
gent; Evolution, parallel; Evolutionary mechanisms; Ex-
tinction; Opportunistic species.
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Evolution, parallel
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Evolution, parallel

Parallel evolution occurs when unrelated organisms
develop the same characteristics or adaptive mechanisms
due to the nature of their environmental conditions. Or
stated differently, parallel evolution occurs when similar
environments produce similar adaptations. The morpholo-
gies (or structural form) of two or more lineages evolve
together in a similar manner in parallel evolution, rather
than diverging or converging at a particular point in time.

Parallel evolution is exemplified in the case of the
tympanal and atympanal mouthears in hawkmoths, or
Sphingidae species. These insects have developed a
tympanum, or eardrum, similar to humans as a means to
communicate through sound. Sounds induce vibrations
of a membrane that covers the tympanum, known as the
tympanic membrane. These vibrations are detected by
small proteins at the surface of the tympanic membrane
called auditory receptors. Within the Sphingidae species,
two differing subgroups acquired hearing capability by
developing alterations in their mouthparts by a distinctly
independent evolutionary pathway.

Investigating the biomechanics of the auditory sys-
tem reveals that only one of these subgroups has a tympa-
num. The other subgroup has developed a different mout-
hear structure that does not have a typanum, but has a
mouthear with functional characteristics essentially the
same as the subgroup with the tympanum. The evolution-
ary significance of how hearing capabilities developed in
parallel in two different subgroups of a species reveals
that distinct mechanisms can exist leading to similar
functional capabilities with differing means for acquiring
the same functional attribute. For both subgroups, hearing

1546

KEY TERMS
Morphological—relates to the study of differences
in shape or structure

Natural selection—The process of differential re-
production, in which some phenotypes are better
suited to life in the current environment.

Speciation—The divergence of evolutionary lin-
eages, and creation of new species.

Tympanum—The eardrum.

must have been an important characteristic for the species
to survive given the environmental conditions.

Parallel speciation is a type of parallel evolution in
which reproductive incompatibility in closely related
populations is determined by traits that independently
evolve due to adaptation to differing environments.
These distinct populations are reproductively incompati-
ble and only populations that live in similar environmen-
tal conditions are less likely to become reproductively
isolated. In this way, parallel speciation suggests that
there is good evidence for natural selective pressures
leading to speciation, especially since reproductive in-
compatibility between to related populations is correlat-
ed with differing environmental conditions rather than
geographical or genetic distances.

See also Evolution, convergent; Evolution, diver-
gent; Evolutionary mechanisms; Survival of the fittest.
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Evolutionary change, rate of

Rates of evolution change vary widely over time,
among characteristics, and among species. Evolutionary
change can be estimated by examining fossils and
species that are related to each other. The rate of change
is governed by the life span of the species under exami-
nation, short-lived species are capable of changing more
quickly than those that have a longer life span and repro-
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duce less often. Yet, even short-lived species such as
bacteria, which have generation times measured in min-
utes, do not manifest noticeable evolutionary changes in
a humans lifetime.

One technique that has been used to examine the
rate of evolutionary change is DNA analysis. This tech-
nology involves identifying the percentage of similarity
between samples of DNA from two related organisms
under study. The greater the similarity, the more recently
the organisms are considered to have diverged from a
common ancestor. The information that is obtained in
this manner is compared to information obtained from
other sources such as the fossil records and studies in
comparative anatomy.

There are two competing hypotheses designed to ex-
plain the rate of evolutionary change. One is called the
punctuated equilibrium hypotheses. This hypothesis
states that there are periods of time in which the rate of
evolutionary change is slow. These periods are inter-
spersed with periods of rapid change. Rapid change usu-
ally prevails with the early establishment of a species,
during which time the organism has not yet development
environmental adaptation. For example, if a food source
eventually becomes unavailable to a particular species,
the rate of evolutionary change will increase rapidly. In
this way, new characteristics will evolve so that the
species can utilize a different food source or the species
will become extinct. Once this trait is common within the
species, the rate of evolutionary change will slow down.
An example of punctuate equilibrium occurred millions
of years ago when aquatics species inhabited the emerg-
ing land spaces. These species rapidly developed charac-
teristics permitting life as land dwellers. Once these char-
acteristics were developed and common among these
species, the rate of evolutionary change slowed.

Another hypothesis is the gradual change hypothe-
sis. This explanation of the evolutionary rate of change
states that species evolve slowly over time. In this hy-
pothesis, the rate of change is slow and species that do
not change quickly enough to develop traits enabling
them to survive will die. Although some species such as
the sequoia (redwoods) or crocodiles have maintained
distinct and similar characteristics over millions of years,
some species such as the cichlids in the African rift lakes
have rapidly change in appearance over thousands of
years. These examples of slow changing species involve
organisms that have an arrested rate of evolutionary
change, but at one time, most likely endured a period of
rapid evolutionary change resulting in tolerance to envi-
ronmental changes.

There are several limiting factors that might control
the evolutionary rate of change. Physical or biological
changes influencing the environment can play a major
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role in the rate of evolutionary change. Another example
is the mutation rate. The mutation rate in various species
at different times can also limit the rate of evolutionary
change such that a higher mutation rate correlates to a
higher rate of change, assuming the environmental
changes remain unchanged. Mutations do not seem to
have major effects on limiting evolution because diversity
in morphological evolution (evolution of physical charac-
teristics) does not correlate well with DNA mutation
rates. However, in some cases, evolution rates can depend
on mutation rates. A good example is antibiotic resis-
tance. Bacterial mutation rates can induce changes in the
ability to become resistance to antibiotics.

If certain characteristic are more efficiently selected
against in one species compared with a different species,
then the rates of evolutionary change will vary between
them. Selective pressures are greater in larger populations.
Therefore, small populations might not be able to evolve
rapidly enough in a rapidly changing environment. In this
scenario, inefficient natural selection will be a limiting
factor in the rate of evolution. Finally, constraints that
occur when a mutation in a gene produces a beneficial
characteristic for the species but impedes the function of
other gene products can be a limiting factor on the rate of
evolution. These architectural constraints can be bypassed
if gene or whole genomes are duplicated. When this oc-
curs, the extra genes can compensate for the negative ef-
fects on gene function imposed by the beneficial new
function from the gene that is mutated. In a sense, these
extra genes will speed up the rate of evolutionary change.

See also Evolution, convergent; Evolution, divergent;
Evolution, parallel; Evolutionary mechanisms; Extinction;
Genetics; Opportunistic species; Survival of the fittest.
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Evolutionary mechanisms

Evolution is the process of biological change over
time. Such changes, especially at the genetic level are
accomplished by a complex set of evolutionary mecha-
nisms that act to increase or decrease genetic variation.
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Evolutionary mechanisms

Evolutionary theory is the cornerstone of modern
biology, and unites all the fields of biology under one
theoretical umbrella to explain the changes in any given
gene pool of a population over time. Evolutionary theory
is theory in the scientific usage of the word. It is more
than a hypothesis; there is an abundance of observational
and experimental data to support the theory and its subtle
variations. These variations in the interpretation of the
role of various evolutionary mechanisms are due to the
fact that all theories, no matter how highly useful or
cherished, are subject to being discarded or modified
when verifiable data demand such revision. Biological
evolutionary theory is compatible with nucelosynthesis
(the evolution of the elements) and current cosmological
theories in physics regarding the origin and evolution of
the universe. There is no currently accepted scientific
data that is incompatible with the general postulates of
evolutionary theory, and the mechanisms of evolution.

Fundamental to the concept of evolutionary mecha-
nism is the concept of the syngameon, the set of all
genes. By definition, a gene is a hereditary unit in the
syngameon that carries information that can be used to
construct proteins via the processes of transcription and
translation. A gene pool is the set of all genes in a
species or population.

Another essential concept, important to understand-
ing evolutionary mechanisms, is an understanding that
there are no existing (extant) primitive organisms that
can be used to study evolutionary mechanism. For exam-
ple, all eukaryotes derived from a primitive, common
prokaryotic ancestral bacterium. Accordingly, all living
eukaryotes have evolved as eukaryotes for the same
amount of time. Additionally, no eukaryote plant or ani-
mal cell is more primitive with regard to the amount of
time they have been subjected to evolutionary mecha-
nisms. Seemingly primitive characteristics are simply
highly efficient and conserved characteristics that have
changed little over time.

Evolution requires genetic variation, and these vari-
ations or changes (mutations) can be beneficial, neutral
or deleterious. In general, there are two major types of
evolutionary mechanisms, those that act to increase ge-
netic variation, and mechanisms that operate to decrease
genetic mechanisms.

Mechanisms that increase genetic variation include
mutation, recombination and gene flow.

Mutations generally occur via chromosomal muta-
tions, point mutations, frame shifts, and breakdowns in
DNA repair mechanisms. Chromosomal mutations in-
clude translocations, inversions, deletions, and chromo-
some non-disjunction. Point mutations may be nonsense
mutations leading to the early termination of protein syn-

1548

thesis, missense mutations (a that results an a substitu-
tion of one amino acid for another in a protein), or silent
mutations that cause no detectable change.

Recombination involves the re-assortment of genes
through new chromosome combinations. Recombination
occurs via an exchange of DNA between homologous
chromosomes (crossing over) during meiosis. Recombi-
nation also includes linkage disequilibrium. With linkage
disequilibrium, variations of the same gene (alleles) occur
in combinations in the gametes (sexual reproductive cells)
than should occur according to the rules of probability.

Gene flow occurs when individuals change their
local genetic group by moving from one place to another.
These migrations allow the introduction of new variations
of the same gene (alleles) when they mate and produce
offspring with members of their new group. In effect,
gene flow acts to increase the gene pool in the new group.
Because genes are usually carried by many members of a
large population that has undergone random mating for
several generations, random migrations of individuals
away from the population or group usually do not signifi-
cantly decrease the gene pool of the group left behind.

In contrast to mechanisms that operate to increase
genetic variation, there are fewer mechanisms that oper-
ate to decrease genetic variation. Mechanisms that de-
crease genetic variation include genetic drift and natural
selection.

Genetic drift results form the changes in the num-
bers of different forms of a gene (allelic frequency) that
result from sexual reproduction. Genetic drift can occur
as a result of random mating (random genetic drift) or be
profoundly affected by geographical barriers, catastroph-
ic events (e.g., natural disasters or wars that significantly
affect the reproductive availability of selected members
of a population), and other political-social factors.

Natural selection is based upon the differences in the
viability and reproductive success of different genotypes
with a population (differential reproductive success). Nat-
ural selection can only act on those differences in geno-
type that appear as phenotypic differences that affect the
ability to attract a mate and produce viable offspring that
are, in turn, able to live, mate and continue the species.
Evolutionary fitness is the success of an entity in repro-
ducing (i.e., contributing alleles to the next generation).

There are three basic types of natural selection. With
directional selection an extreme phenotype is favored
(e.g., for height or length of neck in giraffe). Stabilizing
selection occurs when intermediate phenotype is fittest
(e.g., neither too high or low a body weight) and for this
reason it is often referred to a normalizing selection. Dis-
ruptive selection occurs when two extreme phenotypes
are fitter that an intermediate phenotype.
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Natural selection does not act with foresight. Rapid-
ly changing environmental conditions can, and often do,
impose new challenges for a species that result in extinc-
tion. In addition, evolutionary mechanisms, including
natural selection, do not always act to favor the fittest in
any population, but instead may act to favor the more nu-
merous but tolerably fit. Thus, the modern understanding
of evolutionary mechanisms does not support the con-
cepts of social Darwinism.

The operation of natural evolutionary mechanisms is
complicated by geographic, ethnic, religious, and social
groups and customs. Accordingly, the effects of various
evolution mechanisms on human populations are not as
easy to predict. Increasingly sophisticated statistical
studies are carried out by population geneticists to char-
acterize changes in the human genome.

See also Chromosome mapping; Evolution, conver-
gent; Evolution, divergent; Evolution, evidence of; Evo-
lution, parallel; Evolutionary change, rate of; Genetic en-
gineering; Genetic testing; Genotype and phenotype;
Molecular biology.
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Excavation methods

Archeological excavation involves the removal of
soil, sediment, or rock that covers artifacts or other evi-
dence of human activity. Early excavation techniques in-
volved destructive random digging and removal of ob-
jects with little or no location data recorded. Modern ex-
cavations often involve slow, careful extraction of sedi-
ments in very thin layers, detailed sifting of sediment
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samples, and exacting measurement and recording of ar-
tifact location.

About the time of the American Revolution, the
then-future U.S. president Thomas Jefferson began exca-
vating Indian burial mounds that had been constructed on
his property in Virginia. His technique, which was to dig
trenches and observe the successive strata, or layers of
soil, anticipated the techniques of modern archaeology.

Between 1880 and 1890, General Pitt-Rivers initiat-
ed the practice of total site excavation, with emphasis on
stratigraphy and the recording of the position of each
object found. In 1904, William Mathew Flinders Petrie
established principles of surveying and excavation that
emphasized the necessity of not damaging the monu-
ments being excavated, of exercising meticulous care
when excavating and collecting artifacts, of conducting
detailed and accurate surveys, and of publishing the find-
ings as soon as possible following the excavation. In the
same year, the archeologists R. Pumpelly and Hubert
Schmidt, working in Turkestan, had already begun using
sifting techniques to save small objects, and were record-
ing the vertical and horizontal locations of even the
smallest objects in each cultural layer.

Today, archeology is still equated with excavation in
the popular mind. Most sites are no longer fully excavat-
ed unless in danger of destruction from building or ero-
sion. Archaeologists leave a portion of some sites unex-
cavated to preserve artifacts and context for future re-
search. Furthermore, there are now many alternatives to
excavation for studying an archeological site, including
surface archeology in which surface-exposed artifacts
are detected and recorded; remote sensing; and the ex-
amination of soil and plant distributions. These tech-
niques are nondestructive, and permit the archeologist to
easily examine large areas. But even today, in almost all
archeological projects, there comes a time when it is
necessary to probe beneath the surface to obtain addi-
tional information about a site.

Before any excavation is begun, the site must be locat-
ed. Techniques used to find a site may include remote sens-
ing (for example, by aerial photography), soil surveys,
and walk-through or surface surveys. The digging of shov-
el tests, augured core samples and, less commonly, trench-
es may also be used to locate archaeological sites. Soil
samples may be collected from various sites and depths to
determine whether any buried features are present.

When planning an archeological excavation, archeol-
ogists often use nondestructive techniques such as electri-
cal resistivity meters and magnetometers to locate struc-
tures and artifacts on the site without digging. Soil testing
may shed light on settlement patterns connected with the
site. Aerial photography can also provide useful informa-
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