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Abstract
Organisms are the smallest functional wholes of life, entities that impose themselves on their surroundings and are causally affected
by them. Organisms are localized in space and time, connected with their surroundings, including other organisms, through ecological
and behavioral interactions and with their evolutionary past through genealogical inheritance. Composed of smaller parts, they are
themselves parts of larger wholes, such as demes, populations, species, guilds, communities, and ecosystems. These diverse connections
provide opportunities and challenges for any organism-focused efforts to understand, manage, and preserve biodiversity.
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Heterotrophy Literally, feeder on others; an organism
dependent on organic material from an external source to
provide carbon for growth.
Organism The smallest entity of life that can function as a
whole, distinct from others of the same type; a single living
being.
Photoautotroph An organism that uses inorganic
material as a source of carbon for growth, and light as an
energy source; e.g., plants.
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The Nature of the Organism
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The Basic Units of Life
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Prior to modern evolutionary thinking in the nineteenth
century, organisms were a primary focus of observation and
explanation in biology. Darwin extended this tradition by reserving a central role for organisms and organismal diversity
in his theory of evolution. He believed that evolutionary
change resulted from the interaction of two factors, which he
called ‘‘the nature of the organism’’ and the ‘‘nature of the
conditions.’’ Of these two, Darwin (1872) proposed that the
nature of the organism seems to be much more important; for
nearly similar variations sometimes arise under, as far as we
can judge, dissimilar conditions; and, on the other hand,
dissimilar variations arise under conditions which appear to
be nearly uniform, (p. 32).
Darwin thought that organisms were historically and developmentally cohesive wholes, and therefore it was in the
nature of the organism to produce offspring that were all
highly similar (but not identical) to each other and to their
parents and other ancestors. He also postulated that reproduction produced variation without regard for environmental
conditions and therefore it was in the nature of the organism
to produce these offspring in numbers far exceeding the resources available for their support. This produced Darwin’s
Necessary Misfit (Brooks and Hoberg, 2007; Brooks, 2010,
2011), an emergent property of which is natural selection.
Reproductive overproduction produced variant offspring,
many of which perished. Those that survived all had positive
Darwinian fitness, but some were ‘‘fitter’’ (functionally superior) to others in the environment in which they were
produced, and produced more descendants than their less fit
relatives. Those merely adequate relatives, however, played a
decisive role in distinguishing Darwinian selectionism from
Lamarckian adaptationism. Whenever an environment changes, the most fit organisms in the old environment might not
survive in the new, whereas some of the merely adequate in
the old environment might have the adaptations necessary to

survive in the new one. Darwin’s perspective contrasted
sharply with Lamarck’s proposal that adaptation was an immediate and directed response by organisms to their surroundings. Lamarck also believed that the nature of the
organism was important in the production of diversity, but
only because all organisms have the same ability to change
according to their needs. Therefore, whereas Darwin postulated that the nature of the organism included autonomous,
self-regulating properties, Lamarck believed that the nature of
the organism was to be directly and completely connected to
the environment.
The distinction between Lamarckian adaptationism and
Darwinian selectionism became increasingly blurred in the
second half of the twentieth century as biologists focused
more attention on parts of organisms and less on organisms as
wholes. Whatever the reasons for this reductionist movement,
losing the perspective on whole organisms led to a loss of
Darwin’s panoramic view of biological diversity. In the last
quarter of the twentieth century there were many efforts to
reemphasize the nature of the organism in evolutionary
biology: treatises by Eldredge (1986), Brooks and Wiley
(1988) and Maynard Smith and Szathmary (1995) are particularly attuned to Darwin’s original assertion about the nature of the organism and the nature of the conditions (Brooks,
2011).
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Entropy An expression or measurement of the energy
available for use by a system, including living systems; often
described as the extent to which the system tends toward a
state of disorder or randomness.
Extremophile An organism that requires, or grows
optimally in, extreme environmental conditions; e.g.,
extremes of temperature, pressure, or acidity.
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Organisms as Energy Flow Systems

s0020

Lotka (1913, 1925) recognized that biological systems persist
in space and time by transforming energy from one state to
another in ways that generate and maintain organized structure. Maurer and Brooks (1991) proposed two classes of such
energy transformations. Heat-generating transformations involve a net loss of energy from the system, usually in the form
of heat. Conservative transformations involve changing free
energy into stored states (e.g., structure). Because all conservative transformations in biological systems are coupled
with heat-generating transformations, there is a heavy energetic cost to maintaining structure. Lotka (1913) suggested
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Discovering the genetic code made it possible to begin
thinking of organisms as information systems. Information
systems consist of a source of signals, a channel through which
the signals are transmitted, and a receiver and converter to
translate the portion of the signals that made it through the
channel into information. Early discussions considered the
genetic system as the source, reproduction and ontogeny the
channel, and the environment the receiver and converter.
Genetic possibilities become phenotypic signals as a result of
reproduction and ontogeny and become meaningful biological information as a result of causal interactions between
the phenotype and the environment. The environment cannot
be a receiver in a Darwinian world because it does not
measure or interpret; its only causal interaction with biological
information is elimination of some of it. If biological information is a material part of biological systems, however, it is
possible for biological systems to be their own sources and
receivers (Brooks and McLennan, 1990; Brooks, 2001, 2002,
2011). Although it is true that biological systems are localized
in space, they are also localized in time. In other words, the
receiver can be a ‘‘time.’’ The source is a genetic system at time
t0, the channel is reproduction and ontogeny, and the receiver
is the same genetic system at any given time t1yn; thus, the
receiver is temporally distinct from the source. If an information source precedes its receiver in time, it can produce the
system that acts as receiver, and that system can then become a
source. Information theorists use this perspective in designing
self-correcting computer programs, which can enhance their
own abilities to store and transmit information efficiently. The
same holds true for biological systems: DNA has significant
self-repair capabilities.
Biological systems are physical information systems, a type
of nonequilibrium thermodynamic system, open to exchanges
of matter and energy but maintaining a closed information
system internally which functions to reproduce the system – to
perpetuate lineages through time. They impose themselves
and their functions on their surroundings and thus are selfstabilizing and self-organizing. They produce organized complexity cheaply (diS is small compared to deS, and the portion
of diS allocated for the information system is small, in part
because a small number of chemical templates are used to
generate many organisms), variably (because even chemical
templates are subject to the statistical mechanical vagaries of
the second law of thermodynamics), and functionally (because organisms must exchange matter and energy with their
surroundings in order to maintain themselves), but without
regard for details of the surroundings (because the information system is embodied in relatively autonomous internal
chemical production, diS, of the system). As the source and
receiver of organized information, they can be the embodiment of the organizing principles for that information. Biological systems thus transmit information through, not to, their
surroundings. This supports Darwin’s view that the nature of
the organism creates the necessary conditions for selection
processes.
Treating biological systems as physical information systems
provides a causal basis for the origin of selection. Selection
processes originate as a result of the necessity that biological
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Total entropy changes (dS) can be subdivided into two components: deS, which measures exchanges between the system
and its surroundings (changes in the surroundings), and diS,
which measures production by irreversible processes internal
to the system (changes within the system). This heuristic
equation describes the ‘‘cost of living’’ for organisms because
all organisms must take in high-grade energy and matter and
dissipate lower grade energy to their surroundings in order to
survive. Energy degraded in the uptake of raw materials from
the surroundings into the system is dissipated into the surroundings (deS). These exchanges are accompanied by a great
deal of waste; hence, deS is very large compared with diS.
Nonetheless, it is in the manifestations of internal production
that we perceive organismal diversity.
Internal production (diS) includes (i) dissipation from the
system, called the external dissipation function (ga, or heatgenerating transformations). Heat-generating processes occur
when energy and entropy flow in opposite directions, with
entropy production tending to move the system toward disordered states and (ii) dissipation within the system, called the
bound dissipation function (gm or conservative transformations). Conservative transformations are characterized by energy and entropy flowing in the same direction, with entropy
production being retained within the system and tending to
move the system towards more structured states. In biological
systems, gm can be further subdivided into allocations for accumulating biomass (gbm ) and allocations for accumulating
genealogical information (gim ). Heuristically (Brooks and
Wiley, 1988),
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di S ¼ ga þ gbm þ gim
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Organisms thus have a dualistic nature. As open thermodynamic systems, they must simultaneously interact with their
surroundings and perform critical functions internally. They
maintain themselves in a viable state by exchanging matter
and energy irreversibly with their surroundings, taking in
relatively high-grade energy and using it to perform useful
work within themselves. This requires sensing of, and causal
engagement with, the surroundings mediated by a physical
distinction between the organism and its surroundings. That
is, there must be an ‘‘inside’’ and an ‘‘outside’’ of the organism.
For all organisms, cell membranes are simultaneously physical
barriers between the inside and outside of the organism and
highly selective mechanisms for modulating the exchange of
matter and energy between the organism and its surroundings.
For multicellular organisms, this barrier is a complex of cell
membranes.
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that the interplay between flow and partitioning of energy in
biological systems acts to slow the rate at which energy stored
by conservative transformations is degraded by heat-generating transformations.
Nonequilibrium thermodynamics allows us to generalize
this perspective. Living systems are nonequilibrium thermodynamic systems; they exchange matter and energy irreversibly
with their surroundings and they maintain themselves in far
from equilibrium conditions. The basic features of nonequilibrium systems can be summarized heuristically as
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Diversity in the Real World: A Précis of Current
Organismal Diversity
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Organismal diversity is evolved diversity. No matter how distantly related two organisms are, they still share at least some
features in common, such as cell membranes made of lipid
bilayers and a common genetic code, linking them to a single
phylogeny of life on this planet. Highlights of organismal
diversity can thus be best recounted in a précis of organismal
diversification – phylogeny. However, phylogeny is not a linear historical timeline. It is hierarchically branching and reticulating, producing organisms that are historically unique
mosaics of ancient and recent traits, both functional and
structural. Therefore, it is not possible to give even a précis of
organismal diversity without twists and turns. The major
transitions in evolution (Maynard Smith and Szathmary,
1995) provide excellent reference points. Maynard Smith and
Szathmary suggested such transitions occur whenever life
functions were compartmentalized and modularized in such a
way that the reproductive flow of biological information was
enhanced. They may enhance the survivorship of organisms in
particular environments, thus increasing the likelihood that
they will reproduce, or may enhance the mechanisms by
which information is stored and transmitted, regardless of the
particular environment in which it evolves. Maynard Smith
and Szathmary highlighted what they considered to be the
nine most important evolutionary transitions, all of which
were examples of enhanced efficiency of information storage
and transmission.
The oldest lineages of organisms on the planet are various
prokaryotes, including bacteria and archaeans. These organisms are single celled, lack organelles or membrane-bound
genomes, and exhibit only asexual or simple parasexual reproduction. Their cells form only rods, spheres, or spirals, and
yet they have inhabited this planet continuously for almost 3
billion years and represent by far the largest number of differentiated lineages on the planet today, including the largest
number of unnamed taxa. Representatives of the prokaryotes
include chemoautotrophs (thought to have been the lifestyle
adopted by the first living things), chemoheterotrophs, photoheterotrophs, and photoautotrophs. Photoautotrophic prokaryotes, primarily Cyanobacteria, were the first to
demonstrate that organisms could change the environment of
the planet, substantially affecting standing biodiversity. They
did this by releasing large amounts of molecular oxygen into a
reducing atmosphere, changing it in such a way that most
prokaryotes became extinct or restricted to marginal habitats.
This release of oxygen (the Great Oxidation Event), as well as
associated nitrogen fixation, by prokaryotic photoautotrophs
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Biological systems, beginning with organisms, are functional
wholes with respect to the way they engage their surroundings
and with respect to their internal organization. A major
component of internal organization is functional integration
through the interdependence of parts, and this is most evident
in the dynamics of ontogeny and in physiological processes.
Evolutionary changes in biological systems do not occur all at
the same time; thus, when such changes occur, only part of the
system changes. All changes, whether point mutations on a
chromosome or alteration of part of a complex mating ritual,
must integrate with the rest of the system, which has not
changed, in such a way that viable organisms result. The
functional necessity of developmental integration creates stability domains within bioinformational phase space. Orderliness and organization in biological systems result from the
interaction of selection processes with three aspects of the
nature of the organism: (i) historical uniqueness, (ii) cohesive
properties, and (iii) hierarchical organization (Brooks, 2001,
2002, 2011).
Historical uniqueness manifests itself in historical contingency and temporal irreversibility. Important organismal
processes such as reproduction, development, aging, and
death are inherently irreversible. Spontaneous irreversible behavior of this sort always involves growth and increasing
complexity, and physical manifestations of at least some of the
systems’ history.
Cohesive properties range from membrane-bound nucleic
acids to cell–cell adhesion and recognition, sexual reproduction and specific mate recognition systems, and common
history of inheritance. Cohesion is especially important to
evolutionary explanations; it is the ‘‘glue’’ of functional integration and hierarchical organization that are so characteristic
of biological systems. Many biological processes that demonstrate irreversible behavior manifest such changes as a result of
interactions among cohesive factors.
Hierarchical organization plays an important role in
organismal diversity. Hierarchies provide stability, reinforce
boundaries between organisms and their surroundings, allow
increasing amounts of complexity without losing organizational coherence, and provide a way in which causation and
control can be tied together. Eldredge (1985, 1986) emphasized two major forms of hierarchically organized biological structure. The ecological hierarchy is manifested by
patterns of energy flow in ecosystems, and the genealogical
hierarchy is manifested by patterns of ancestral relationships
among organisms and species. Environmental and genealogical phenomena are good starting points for investigating
hierarchical interactions because they are intimately connected
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in biology. Prebiotic environmental conditions established the
boundary conditions within which life could originate. Conversely, genealogical processes that characterize life are autonomous enough from environmental conditions to be
capable of overrunning available resources and of changing
the environmental conditions substantially. The longer life
exists on this planet, the more it shapes the environment of
the planet. Organisms are truly Children of Time (Brooks, 2010,
2011).

PR

systems obtain matter and energy from their surroundings
coupled with the relative autonomy of their information systems, which permits production of organisms regardless of the
details of their surroundings. Without the constraints provided by this autonomy, there would be no selection; simultaneously, however, constraints provide systems with
properties that limit the ways in which and the extent to which
the system will respond to selection.
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Most unicellular eukaryotes were once classified together in
a nonmonophyletic collection of lineages called the Protista.
We now know that ‘‘protists’’ are distributed across all of the
major eukaryotic kingdoms, including the two kingdoms
containing true multicellular organisms, the Unikonts (metazoans, fungi and related unicellular species such as amebas
and choanozoans) and the Plantae (red algae, green algae, and
land plants). Within this evolutionarily heterogeneous and
diverse collection of lineages are the origins of the first sophisticated sexuality as well as alternation of sexual and
asexual generations (numerous examples are found in ciliates,
apicomplexans such as malaria, and various algae), the first
sophisticated modifications of the cell membrane in ways that
modulate organism–environment interactions (diatoms produce complex and beautifully sculpted exoskeletons), and the
beginnings of true multicellularity, manifested by colonial
aggregations of unicells that exhibit some degree of functional
differentiation, such as the fruiting bodies of slime molds.
Single celled eukaryotes are major underpinnings of the
heterotrophic portions of the biosphere. They are saprobes
and detritivores, predators, and a variety of symbionts, ranging
from commensal ciliates living in the tests of sea urchins and
the rectums of frogs to mutualist flagellates living in termite
guts, providing digestible carbohydrates for the insect hosts in
exchange for their own food and a safe haven, and parasites of
global socioeconomic significance, including the causal agents
of amebic dysentery, malaria, giardiasis, African sleeping
sickness, Leishmaniasis, and Chagas’ disease. Most show enhanced reproductive output and complex life cycles, but
Giardia and Entameba show some secondary losses of
structures.
The photoautotrophic unicellular eukaryotes comprise
four distinct lineages: dinoflagellates, red algae, diatoms, and
green algae. The dinoflagellates, which owe their photosynthetic ability to an ancient endosymbiotic relationship
with a red algae, are best known for causing red tide. Massive
blooms of certain dinoflagellates produce large amounts of
waste products that act as nerve toxins capable of killing large
numbers of fish or of being concentrated in shellfish and
killing those who eat them. The red algae include the wellknown edible genera Palmaria (dulce) and Porphyra (nori).
Green algae often form symbiotic relationships with other
eukaryotes, including fungi, sponges, cnidarians, and various
unicellar species. One species, Oophilia amblystomatis, lives in
the jelly surrounding spotted salamander embryos, where it
thrives on the nitrogen waste from the developing salamander
and produces oxygen in return. More astonishingly, this alga
has been found growing inside the embryo’s cells where it is
surrounded by mitochondria. This implies that the salamander may be using the oxygen and carbohydrates produced
by the photosynthesizing algae. Diatoms are ubiquitous
phytoplankton that represent the primary source of photosynthesis (and oxygen production) in the ocean, although
many are freshwater inhabitants. They are characterized by
having bipartite siliceous shells (tests), exhibiting speciesspecific forms and beautiful surface sculpting. Because they are
siliceous, these tests are highly resistant to decomposition. As
a result, fossil deposits of diatoms are excellent indicators of
past environmental conditions. Large deposits produce ‘‘diatomaceous earth,’’ which has many industrial uses including
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began about 2.4 billion years ago, creating the conditions
necessary for other life forms to evolve, so it is safe to say that
prokaryote evolution played a major role in setting the stage
within which all subsequent biological diversification occurred. Much later, an endosymbiotic association between a
eukaryote and a cyanobacterium would lead to the evolution
of the chloroplast (the modified cyanobacterium). Prokaryotes today include the so-called Archaea, sometimes called
extremophiles, which may represent a collection of distantly
related remnants of the diversity affected so much by the
evolution of those photoautotrophs. Among the extremophiles are members of the halophilic Halobacterium, which
grow best at pH 11.5, and the acidophilic Sulfolobus, growing
best at pH 2 or 3 but able to survive at pH 0.9. There are
methanogens, producing most of the planet’s methane, including a host of symbionts living in the rumens of cattle and
their relatives where they produce digestible carbohydrates for
their hosts as well as methane. Another methanogen, Methanopyrus, which lives near ocean-bottom thermal vents, grows
optimally at 98 1C but is able to survive at 110 1C and ‘‘dies of
cold’’ at 84 1C. Sulfolobus is also a hyperthermophile, living
optimally at 70–75 1C and dying at temperatures lower than
55 1C. Thermus aquaticus, isolated from hot springs in Yellowstone National Park, was the original source of high-temperature DNA polymerase, the enzyme used to catalyze the
polymerase chain reaction (PCR) technology that has become
indispensable to molecular biology. Most other prokaryotes
are bacteria, which include some of mankind’s most valued
and most loathed organisms. Bacteria living in our digestive
tracts are essential for proper nutrition, and Escherichia coli is
the workhorse of molecular biology and biotechnology, including the pharmaceutical industry. On the other hand, diseases such as syphilis, anthrax, diphtheria, tuberculosis,
smallpox, tetanus, cholera, and plague and a variety of agents
of food poisoning, including Salmonella and botulism, are all
caused by bacteria. These same disease-causing prokaryotes
have also shown a tremendous degree of adaptability in the
face of substantial human efforts to eradicate them. Strangely,
there are no known pathogenic archaeans.
From within this great prokaryotic diversity evolved the
first eukaryotes. Most eukaryote species, including the oldest
surviving lineages, comprise single-celled organisms differing
from prokaryotes by well-organized compartmentalization of
functions within the cell. Cell energetics are handled by organelles called mitochondria and chloroplasts, which are
thought to have originated as endosymbiotic prokaryotes (the
mitochondrion being a modified a-proetobacterium symbiont). Digestion and excretion are handled by specialized
vesicles within the cell that facilitate the movement of matter
and energy in and out of the cell. Synthesis of amino acid
building blocks for structural components takes place in specialized organelles called ribosomes. Finally, the storage, production,
and
transmission
of
information
are
compartmentalized inside a membrane-bound nucleus. Powered locomotion, first evolved by prokaryotes and often involving ‘‘appendages’’ (whip-like flagella, small, thin
proteinaceous micro-filaments) to propel, swim, glide, twitch,
and swarm through water or across surfaces, becomes highly
effective in unicellular eukaryotes as a result of increasingly
sophisticated cytoskeletal integration.
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groups, including both autopolyploidization and allopolyploidization as a result of interspecific hybridization.
The land represented an excellent habitat for photoautotrophs because air transmits more sunlight than does
water, in which light of sufficient quality for photosynthesis
does not penetrate deeper than approximately 50 m. However,
being on land also posed problems, one of which was structural: air provides little support compared to water. In the
absence of inherent structural support, plants could only
sprawl on the land – they could never rise above it. Cell walls
made rigid by the carbohydrate cellulose provided the necessary structural support. Subsequent evolution of vascular tissue in a moss-like ancestor, then a sophisticated tubular
transport system (tracheids) in the ancestor of the sister group
of the mosses (those plants called, not surprisingly, Tracheophytes) enabled water and nutrients to be transported against
gravity to considerable heights. Rigid cell walls and the tracheid system provided opportunities for tremendous vertical
growth, represented by the convergent evolution of tree forms
in many groups (including giants up to 110 m tall) and a
tremendous flow rate of water and nutrients. A single maple
tree only 15 m tall may support more than 175,000 leaves
with a total surface area of more than 675 m2, transporting up
to 220 l of water per hour from the soil throughout the tree
and eventually into the atmosphere through evaporation from
the leaves.
Terrestrial life that is truly independent of aquatic environments must be associated with suitable reproductive
modes. When ancestral plants moved onto land, they brought
with them the large stationary eggs characteristic of their
closest relatives. In all land plants, when these eggs are fertilized, the resulting embryos are sporophytes contained within
a protective covering produced by the parent. Those ancestral
plants also brought with them flagellated sperm, maintaining
a dependency on aqueous surroundings for reproduction. This
limited plants to living in moist environments, places in
which thin layers of water or water droplets allowed sperm to
swim to the egg. Only when nonaquatic male gametes (pollen) evolved in early angiosperms did plants become completely terrestrial. The evolution of pollen, however, created a
new problem; since the sperm are no longer motile, the plant
depended on other means of transportation, such as wind or
pollinators like birds and insects, to achieve fertilization.
Once firmly established on land, major events in plant
diversification were associated with increasing compartmentalization and modularization of the organism, all integrated and coordinated chemically and without a centralized
nervous system. They elaborated functionally differentiated
nonreproductive body parts, especially roots and leaves, that
became specialized habitat for other terrestrial dwellers, creating novel opportunities for diversification of those species
and coevolutionary feedback that affected their own evolution
as well. Their root systems helped plants modify the soil in
ways that enhanced the lives of the plants themselves but also
affected the lives of other types of organisms living in the soil.
Some legumes (e.g., clover, soybeans, alfalfa, and peanuts)
have a symbiotic relationship with bacteria living in root
nodules. The bacteria convert atmospheric nitrogen to ammonia, a more useable form of nitrogen. This process helps
fertilize the soil and is the reason why many farmers rotate
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insulation, filtration, and metal polishing. Diatomaceous
earth has also been proposed as a ‘‘nonpolluting’’ insecticide.
Spreading diatomaceous earth on fields may clog the tracheae
of pest insects but will also clog the tracheae of beneficial
insects and may also affect the breathing structures of other
animals, including those humans who apply it or work in
fields on which it has been applied.
True multicellular lineages appear to have evolved at least
four times, in the brown algae and plants, which are photoautotrophs, and the fungi and animals, which are heterotrophs. According to Maynard Smith and Szathmary,
multicellularity represents an advance over unicellularity because in multicellular organisms the partitioning of functions
can occur at the level of entire cells, tissues, organs, or organ
systems rather than having to take place within each cell.
Complex reproductive systems can evolve because multicellular organisms can produce gametes without having to
become gametes. Given the large numbers of unicellular eukaryote lineages and the small number of multicellular eukaryote lineages, we conclude that it is difficult to achieve a
multicellular state, despite the evolutionary payoffs. Perhaps
this is because it is difficult to coordinate a population of cells.
There are no true multicellular prokaryotes (bacteria form
strings, strands, and mats of individual organisms), perhaps
because prokaryotes show no functional partitioning at the
cellular level. If so, true multicellularity could only have arisen
after unicellular eukaryotes evolved. In a complementary vein,
there are no known examples of secondary loss of the multicellular state.
The evolution of true multicellularity followed four different paths. Brown algae, up to 60 m long in the case of
Macrocystis, can be found on ocean shores with pounding surf,
in relatively quiet near-shore meadows, or floating in the open
ocean. The Sargasso Sea, for example, is an enormous mass of
floating Sargassum. Although relatively species poor, brown
algae can be abundant. They exhibit differentiated tissues and
even organs, including holdfasts and filaments, which are
analogs of roots and leaves that provide homes to a diverse
array of animal life. Some have gas-filled bladders which may
contain up to 5% carbon monoxide – enough to kill a human.
Cellular cohesion in brown algae is provided by alginic acid in
the cell walls. This is a gummy polymer of sugar acids that
cements cells and filaments together and provides the glue for
the holdfasts. Alginic acid is an important commercial emulsifier in ice cream, cosmetics, and other products. Larger pieces
of brown algae, especially some kelp species, are considered
delicious and healthy food sources for humans.
The second group of multicellular photoautotrophs are the
plants, sister group of the Chlorophyta; a group containing
most, but not all, of the green algae, in which aggregates of
single-celled organisms showing some degree of functional
differentiation has evolved more than once (e.g., Volvox and
Micrasterias (sea lettuce)). Unlike the brown algae, which
originated in the sea and have remained there, plants are the
descendants of an aquatic lineage that invaded and diversified
on land. Cellular cohesion in true plants is provided by
plasmodesmata, cytoplasmic strands connecting adjacent
cells. Many plants exhibit a high degree of adaptability or
permissiveness with respect to genome-level evolutionary
modifications. Polyploidization is common among many

5

p0130

BDV2 00261

O
F

with tree roots. The fungi exchanges minerals for carbohydrates with the tree, and the Indian Pipe taps into that exchange, in effect ‘‘stealing’’ nutrition and giving nothing back.
Dodder seedlings grow preferentially toward volatile chemicals released by suitable host plants. Once contact is made,
the dodder sends projections into the vascular system of the
host, loses its roots and become completely parasitic. The
seeds of some plants need to be burned by forest fires in order
to germinate, others must pass through the intestinal tracts of
herbivorous vertebrates to germinate and/or be dispersed.
Perhaps the most famous example of this latter interaction is
‘‘civet coffee,’’ the most expensive type of coffee in the world. A
civet eats coffee fruits, digests the sweet pulpy, outer layers
then passes the seeds, which have been slightly modified by
the digestive process, when it defecates to mark its territory.
The final, and perhaps most recognizable, major innovation in
land plants was the evolution of flowers, which are specialized
and self-contained reproductive modules. Flowers represented
an enormous potential for reproductive cohesion and
diversification.
The evolution of plants was followed closely by the evolution of herbivores, especially among the nematodes and
insects. This in turn was followed by the evolution of a variety
of antiherbivore adaptations. Defenses against herbivory include both diminution and elaboration of the part of the plant
being eaten, the evolution of deterrents such as thorns, and
storage of toxic metabolic by-products in tissues that are the
targets of herbivory such as leaves and stems. Likewise, the
diversification of flowering parts is also associated strongly
with the diversification of particular groups of animal pollinators, again most notably insects, although nectivorous
birds (e.g., hummingbirds) and mammals (e.g., bats) also play
a role.
Plants exist in many seemingly inhospitable habitats, particularly desert and boreal regions, where the evolution of
resistant seeds as well as specialized reproductive, root, and
stem and leaf systems allow them to survive and thrive. Cacti
and other succulents represent convergent evolution of waterretaining and evaporation-resistant body forms that can survive in desert conditions. Many plants are able to flourish in
nearly marine salinity conditions, although none is truly
marine. Mangroves, for example, are able to excrete excess salt
from the water they absorb in the tropical coastal estuaries in
which they live. Plants also thrive in seasonally fluctuating
environments. This is helped by the evolution of resistant
seeds but is also enhanced by the ability to synchronize
growth and reproduction with permissive times of the year.
For example, the ability to shed leaves deciduously apparently
arose as an adaptive response to seasonally dry climates but
today functions in seasonally cold climates as well.
Tapping an almost unlimited energy source (sunlight),
coupled with their sophisticated means of compartmentalization, has made plants extremely important to humans and
to the biosphere. Terrestrial plants improve air quality by fixing carbon and producing oxygen and improve soil quality by
fixing nitrogen. Plants that have adopted life in freshwater
habitats are often quite sensitive to changes in water quality
and are thus useful as indicators of pollution. Those having
extensive aquatic root systems may also be excellent biofiltration systems; water hyacinths, for example, can actually
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crops, planting clover or buckwheat every so often to rejuvenate fields naturally. Some plants, on the other hand (e.g.,
black walnut), produce toxins in their roots that diffuse in the
soil, inhibiting the growth of other plants. Still others, including common plants such as marigolds, secrete substances
from their roots that deter plant-consuming soil nematodes
and thus can be planted as a nontoxic nematicide border in
gardens.
Aboveground vertical growth in tracheophytes led to a
proliferation of habits – plants, shrubs, bushes, vines, and
trees. This vertical structuring allowed complex communities
to form, within which the various plants created their own
ecological interactions by shading each other. Plants differ in
the relative amount of biomass allocated to below- and
aboveground structure. This led to complex ecological interactions among root systems. In the tropics, for example, most
plant biomass is aboveground. Tropical ecosystems have nutrient-poor soils, so most of the productivity is tied up in the
aboveground biomass, which is why deforestation can be so
devastating to the ecosystem. In temperate areas in which
there is more humus in the soil, a much larger proportion of
plant biomass is belowground. In fact, a given plant may
participate simultaneously in one set of aboveground and
another set of belowground ecological interactions, just with
other plants, depending on what species the plant belongs to
and where it happens to be growing.
Plant organismal diversity is also associated with major
modifications of the reproductive system, each of which has
many variations. Primary among these was the evolution of
seeds, which are embryos protected by a covering of nutrient
tissue provided by the parent. These multicellular protective
coats, containing cellular contributions from as many as three
generations, are a source of protection and nutrition for the
embryos that may allow them to withstand substantial periods
of environmental harshness and still be capable of germinating. The earliest seed plants produced seeds exposed directly
to the environment, called gymnosperms (naked seeds: e.g.,
conifers). Angiosperms (hidden seeds: e.g., flowering plants)
evolved when the ovaries, containing the seeds, expanded into
fruits, hiding the seeds and providing more protection. The
evolution of double fertilization at more or less the same
point in time, producing triploid endosperm, provided even
more nutrition for the embryo. In essence one grain of pollen
fertilizes an egg, while another grain fuses with two maternal
nuclei, forming a nutritive tissue that is genetically distinct
from the developing embryo. Coconut milk, coconut meat,
corn, and wheat flour are examples of extensive endosperm.
Angiosperm diversification produced some amazing organisms. Some plants, like Venus Flytraps and Sundews, are
predators. The pitcher plant, Nepenthes rajah, produces large
urn shaped structures that can hold up to 2.5 l of digestive
fluids. Small animals, mainly insects but occasionally frogs,
lizards, birds, and even mammals, which fall into the fluid
cannot escape, drown and are eventually digested, providing
nutrition to the plant. The pitcher, in turn, is home to numerous species, including many predatory arthropods that
may feed on the trapped organisms, and various mosquito
larvae that may not be able to develop anywhere else. Other
plants are parasitic. Indian pipe, which has lost its chlorophyll, is parasitic on fungi, which are themselves associated
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invaded by hyphae and ingested. The Ascomycota or sac fungi
contain some of the most valuable and dangerous species to
human health and cultural development. The mold that tells
you your bread is too old is likely Penicillium, the original
source of the world’s first broad-spectrum antibiotic, penicillin. Two other members of the genus, Penicillium camembertii and Penicillium roqueforti, are required to produce fine
cheeses. Some members of Aspergillus are essential to the
production of soy sauce and sake, whereas others can cover
edible products such as peanuts with carcinogenic aflatoxins.
Saccharomyces cerevisiae (Baker’s yeast) is used to make bread,
wine and beer, while morels and truffles are some of the most
expensive fungi on the culinary circuit. Pneumocystis jiroveci,
which lives in most people’s lungs, causes severe pneumonia
in people with compromised immune systems (e.g., HIV/AIDS
or cancer patients). The sister group to the sac fungi, the
Basidiomycota or club fungi, includes most of the edible
fungi, the mushrooms and chanterelles, as well as fungi that
are sources of legal (ergotamine) and illegal pharmaceuticals
(e.g. psilocybins such as magic mushrooms) and some of
history’s most deadly toxins (e.g., Death cap, Destroying
Angel, Deadly Webcaps). This group also includes rusts and
smuts, which can cause serious diseases in agricultural plants.
Many club fungi produce microscopic spores that are forcibly
ejected into the air (they are called ballistospores). Being light
allows the spores to be transported on the slightest of air
currents, but being small means that friction (drag) will
quickly slow them down, dramatically decreasing their dispersal potential. At least one species (Sclerotinia sclerotorium)
has solved the drag problem by releasing puff after puff of
spores in a synchronized wave. The ballistic release creates its
own airflow, moving the spores outwards, and even allowing
them to stream around obstacles. This cooperative venture
among spores carries them up to 20 times farther than a single
spore ejected on its own.
On their own, fungi are ubiquitous and numerous
throughout the world. In addition, some fungi form mutualistic associations with green algae or cyanobacteria. These associations, called lichens, are perhaps the champion
extremophiles of the multicellular world. Extremes of heat and
cold and dry and wet do not seem to deter lichens, who often
flaunt their hardiness by living on rocks, slowly but inexorably
breaking them down into dust. They can survive long periods
of desiccation, and were even shown to return unharmed after
10 days of exposure to the harsh radiation, temperatures, and
vacuum in outer space.
The second group of multicellular heterotrophic eukaryotes are the Metazoa, or true animals. Animals maintains
cellular cohesion by means of extracellular matrices of celladhesion proteins. Regulated cell growth, programmed cell
death, cell–cell/cell–matrix adhesion, developmental signaling, recognition of self and cell type specialization, originated
in the common ancestor of the metazoans. These major
novelties were driven, in part, by rampant gene duplications;
nearly 75% of animal-specific gene families arose by duplication in the metazoan ancestor greater than 600 myra. Unlike
plants, which invaded the land early and diversified there,
most animal diversification occurred in the ocean, and various
groups have invaded freshwater and terrestrial habitats convergently. Even today, most metazoan organismal diversity is
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improve water quality. The cultivation of plants was a major
event in human evolution, which ironically provided the
conditions for the growth of human population and technology that now threaten our existence by threatening the
biosphere. Different plants allocate substantial amounts of
nutrients into root systems, especially tuberous ones, into
stems and leaves, and into reproductive structures such as
nuts, seeds, and fruits. Virtually any part of a plant may be
highly edible for humans or their domestic animals. Simultaneously, substances functioning to deter herbivory or competition from other plants may also serve as sources of useful
materials for humans, ranging from spices to pharmaceuticals.
The American yew tree sequesters a compound called taxol,
which has significant effects on certain forms of cancer; a close
relative, the European yew, produces a similar compound
called taxotene, which also has anticancer properties.
Fungi represent one of the two major groups of multicellular heterotrophs. Among living groups, fungi are apparently the sister group of choanoflagellates and animals.
Cellular cohesion in fungi is provided mostly by default: The
vegetative body of a fungus, called a mycelium, comprises
many hyphae, which are filamentous multicellular extrusions
maintaining cohesion among the cells by forming only incomplete cellular divisions, or septa, between them.
To many people, the presence of fungi indicates that
something has gone wrong – one’s basement is too damp or
one’s bread is too old. To others, fungi are something quite
different: they are the major recyclers and decomposers of the
biosphere, found most commonly in association with the refuse of the biosphere, including that of our own civilization.
This is because most fungi are very adaptable saprobes, highly
tolerant of great ranges in temperature and osmotic, especially
hyperosmotic, conditions. A considerable number of fungi are
parasitic and a few are even predators, attacking small animals
such as soil nematodes. Fungi are very flexible reproductively,
reproducing asexually or sexually with mating types not distinguishable as male or female and exhibiting an enormous
diversity of variations on the general eukaryote theme of alternation of generations. They are the primary source of cellulose and lignin breakdown in the environment. All of these
features make them excellent agents for bio-remediation. They
can become established in highly degraded habitats and actually improve them, creating conditions that can support yet
more life. Tropical forest soils, for example, lack much humus
but have enormous mats of fungal hyphae forming mycorrhyzal mutualisms on and in plant root systems, which
maintain vital nutrients and structural cohesion in the small
amount of soil that is present. Fossil evidence suggests that
mycorrhyzal associations are at least 300 million years old.
Of the numerous fungi phyla, only three are well known to
most people. The Chytridiomycota, or water molds, may be
the sister group of the rest of the fungi. They have recently
made the news because they are implicated in massive die-offs
of amphibians living above 1000 m elevation throughout the
world. Many chytrids are known to be parasitic, with some
exhibiting complex life cycles involving two different hosts. A
few have been found that are predators of nematodes. Members of Arthrobotrys, Dactylaria, and Dactyella produce threecelled loops that entrap nematodes as they wend their way
through the soil; once trapped, the nematode cuticle is
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matter from adults in order to acquire the necessary microfauna to digest cellulose.
Parasitism has evolved in virtually every group of metazoans. The phylum Acanthocephala is entirely parasitic, as are
the vast majority of platyhelminths, including the well-known
digeneans (trematodes or flukes) and eucestodes (tapeworms), and many nematodes and arthropods. There are very
few parasitic species of chordates, the most famous being
lampreys that attach themselves to fishes, rasp through their
skin, and feed on the blood and fluids oozing out of the
wound. In some deepsea anglerfishes, a male begins life as a
very small, free living creature that spends his time trying to
locate the much larger female. Once he finds her, he attaches,
digests her skin until he fuses with her bloodstream, at which
point he begins to atrophy, losing gut, brain, eyes etc. until he
is nothing but a bag of sperm, nourished, and transported by
his mate.
Reproductive modes are diversified in metazoans. Most
metazoan organisms are either males or females, although
hermaphroditism is not uncommon in members of some of
the oldest lineages. Gonads may be transient specialized cells
or tissues or permanent organs and organ systems. Reflecting
their ancient origins and diversification in the ocean, fertilization is plesiomorphically external in most groups. Internal
fertilization, in which the female provides the aqueous medium within which the sperm can swim to the ova, has
evolved multiple times. The ancient eukaryotic theme of alternation of generations is carried forward into metazoan
evolution, although it drops out in several lineages convergently. In many cases, the asexual and sexual portions of
the life cycle are ecologically partitioned; in most cnidarians
these stages are characterized by distinct medusa and polyp
forms with distinct ecologies. However, even for metazoans
that do not exhibit alternation of generations, it is common
for the larvae and adults to have very different life-styles. Most
larval frogs, for example, are herbivores, whereas virtually all
adults are insectivores. Among ecdysozoans (nematodes, rotifers, tardigrades, kynorhynchs, gastro-trichs, acanthocephalans, and arthropods), haplodiploidy is a common
theme, setting the stage for extreme sexual size dimorphisms
and asymmetrical sex ratios biased heavily toward females.
Many metazoans are parthenogenetic, forming unisexual female lineages. In some cases, these lineages are entirely selfsustaining. For example, in some gynogenetic lizards, females
court one another, with one partner displaying typical ‘‘male’’
behaviors, and the other typical ‘‘female’’ behaviors, and vice
versa. This mutual courtship stimulates ovulation. In others,
such as the gynogenetic poeciliid fish called the Amazon
molly, sperm from males of a parental species are required to
trigger embryogenesis, even though no genetic information
from the sperm is incorporated into the embryo. A few
metazoans, primarily tropical reef fishes, begin life as one sex,
then change to the other sex depending on the social conditions around them. The production of two different sexes
itself is not a simple process. Sexual differentiation is controlled by genes on sex chromosomes in many metazoans,
although the particular chromosomes are not the same in all
groups. In other animals, most turtles, crocodylians and many
lizards, there are no sex chromosomes; offspring gender is
determined by incubation temperature. Small changes in
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in the sea. A great deal is known about metazoans, probably
because many of them are large enough to be seen with the
naked eye and active enough to engage visually oriented organisms such as ourselves. Most metazoans, including their
sister group the Choanoflagellates, however, are microscopic.
Highly complex and sophisticated adult organisms, such as
some rotifers, may be as small as 50 mm.
The array of metazoan body plans provides clear evidence
of modularization and compartmentalization. Metazoan
bodies range from aggregates of specialized cells in sponges
and placozoans to defined body forms composed of specialized tissues in cnidarians and ctenophores, with organ-level
organization beginning with platyhelminths, and complex
organ systems in the majority of the other metazoans. Body
cavities emerged very early in metazoan evolution as effective
ways of physically compartmentalizing organ-level modules
and laid the evolutionary groundwork for specialized compartments within body cavities, called segments, metamers,
and tagmata. Metazoan bodies may be asymmetrical as in
sponges, radially symmetrical as in cnidarians, bilaterally
symmetrical as in the majority of metazoans, or even biradially symmetrical as in ctenophores and echinoderms. Developmental patterns among metazoans tend to be highly
conserved within major groups, although secondary loss of
structures is not uncommon; the platyhelminthes appear to be
descended from an ancestor that lost its body cavity, and a
large group of parasitic platyhelminths, dominated by the true
tapeworms, has secondarily lost its digestive tract as well.
Many metazoans are conspicuous because they tend to
move around a lot. Modes of locomotion are diverse, but most
are variations on swimming, creeping, or crawling. Sophisticated locomotion in metazoans is highly correlated with enhanced cephalization and neural integration Cephalopod
mollusks have water-jet propulsion provided by specialized
siphons. Complex appendages for swimming, walking, and
running, evolved in the arthropods and the chordates. Indeed
a few chordates like snakes and some lizards are capable of
sophisticated movements without limbs. It is within these two
groups that organisms capable of true powered flight emerged.
All metazoans are heterotrophs, but they exhibit the entire
range of heterotrophic functions – they are saprobes, detritivores, filter and suspension feeders, predators, herbivores,
commensals, mutualists, parasitoids, and parasites. Herbivory
is uncommon among marine metazoans but is a major attribute of the structure of terrestrial ecosystems. Modern herbivore diversity is concentrated in the insects, the amniote
vertebrates, and the nematodes. Interestingly, no metazoans
ever evolved the ability to digest cellulose so many of them
dine on plant cells and tissues that contain nutrients in a form
other than cellulose. Animals that actually gain nutritional
benefit from cellulose are hosts to a variety of prokaryotic and
eukaryotic microbes capable of breaking cellulose down into
less complex carbohydrates, which can be absorbed by their
host. Although this form of herbivory seems to be very successful when it evolves, it does not appear to have evolved
often, presumably because it is difficult to acquire the proper
symbiotic microbes, provide a suitable home for them in the
intestine, and provide a means of transmitting them to offspring. For example, hatchling iguanas must consume fecal
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hymenopterans, differ from bees and their relatives by having
males that die shortly after reproducing with a queen and by
exhibiting a tremendous range of morphologically distinct,
functionally stereotyped workers and soldiers. Ant societies
fascinated Darwin, especially their propensities to wage war,
make slaves, use tools, construct complex domiciles, and engage in agriculture, farming fungi and milking aphids for
nutrients. Termites are the third major group of social insects.
Their colonies comprise a single queen and king who do all
the reproducing. Sexual inactivation of offspring is maintained
from one generation to another by pheromones spread
through trophallaxis, which is the mutual feeding of nymphs.
Workers and soldiers produce pheromonal secretions whose
proportions in the colony act to maintain suitable proportions
of each type of individual in succeeding generations. One of
the strangest examples of social caste systems has just been
recorded in digeneans, parasitic flatworms with a complicated
life cycle that includes the repeated clonal production of infective larvae inside a snail. There are two types of infective
larvae: large, slow moving, reproductively active primary
morphs and small (about 64 times smaller), thin, very active
secondary morphs. The secondary morphs do not reproduce.
Instead, they are specialized for recognizing and attacking
larvae from different flatworm species. These ‘‘soldiers’’ cluster
in areas of the snail that are the most likely to be penetrated by
other larvae. When an invader is detected, the soldier attacks,
grasping the invader with its large muscular pharynx, either
swallowing it whole, or lacerating it and sucking it dry.
Some vertebrates, including many primates, also form social systems. These tend to be much less stereotyped than
those of the insects, with more flexibility in roles in which
individuals perform multiple tasks and all are reproductively
competent. Members of vertebrate societies never lose their
individuality. Actual reproductive patterns are constrained by
behavioral dominance hierarchies, both male and female, that
can be quite complex and can be based in large part on kinship. None, other than humans, come close to the frenetic and
compartmentalized social activity seen in the colonies of social insects.
The predominant metazoan groups are the chordates,
nematodes, arthropods, mollusks, annelids, and echinoderms.
The most organismally diverse group is the Ecdysozoa, which
includes the nematodes and the arthropods. Within the
arthropods, the insects alone represent more than 1 million
named species, with many more remaining undescribed.
Nematodes may be as species rich as insects, but only 15,000
nematodes species have been named. Feats of relative strength
and tolerance of extreme environmental conditions are legendary among the insects; among the ecdysozoa, however,
tardigrades may be the most amazing extremophiles of all,
being capable of entering a state of cryptobiosis. Under desiccating conditions, tardigrades can experience a loss of total
water content from 85% of their body weight to 3%. Furthermore, while in this state, tardigrades can withstand,
sometimes for years, extreme temperatures, including cold to
near absolute zero, ionizing radiation, almost total lack of
oxygen, and up to 1000 atm of pressure. When moisture levels
return to normal, normal life functions resume.
Although they represent a relatively small percentage of the
total species on this planet, metazoans have a major impact on

PR

p0215

temperature (e.g., through global climate change) can have a
dramatic effect on sex ratio in these animals, even eliminating
one gender altogether.
Another major theme of metazoan organismal diversity is
temporal synchronization of reproductive cycles. Perhaps the
most extreme case is that of the tropical Pacific polychaete
called the Palolo worm, in which the entire species reproduces
in a single night each year. Frogs living in deserts escape desiccation and heat by aestivating in burrows most of the year.
They are awoken by the sound of rain and emerge en masse to
breed during the brief, torrential rains. A more familiar example is that of anadromous salmonid fishes, in which adults
return to their natal streams after spending 3–5 years in the
ocean, reproduce, and die. Once they begin the movement
into freshwater, salmon stop feeding and begin breaking down
their own tissues for energy, all of which is used for getting to
the spawning grounds and reproducing. In herbivorous insects
reproductive synchronization is tied to cycles of growth and
reproduction in the different plants they eat.
One of the most arresting features of animals is complex
behavior, especially with respect to reproduction. This can be
manifested in sophisticated interactions among males, among
females, between males and females, in parental care, or even
in complex combinations of all possibilities. Complex mating
rituals have been documented in tardigrades, in which males
are known to apply ritualized strokes to females to encourage
them to reproduce. Mollusks (especially cephalopods),
arthropods (especially insects), and chordates (especially vertebrates) are the best examples of sophisticated behaviors
among metazoans. All three groups have evolved complex
control and sensory integration involving neurochemical systems and strong cephalization.
Parental care is not restricted to mammals, nor is it primarily the domain of females. Some leeches are known to
carry their offspring on their abdomens for a period of time
after birth. In many species of fish, the male alone cares for the
eggs and fry. Amphibians, particularly frogs, have evolved
more ways to care for offspring than any other group. Some
species carry their eggs and tadpoles on their backs, others
swallow the fertilized eggs and the tadpoles develop in either
the mother’s stomach or the father’s vocal sac (depending on
species) and climb out through their parent’s mouth when
they have metamorphosed into froglets. Most caecilians,
relatives of frogs, are viviparous. In some species the mother
secretes a rich assortment of lipids and proteins into the top
layer of her skin, which her offspring then peel off and eat
using specialized teeth.
One outcome of integrated and sophisticated behaviors is
sociality. Maynard Smith and Szathmary (1995) designated
the evolution of social systems as one of the nine major
transitions in biological evolution. Social systems permit
functional compartmentalization at the level of different organisms within a social group. This level of modularization
and compartmentalization is best seen in the social insects,
notably bees, ants, and termites, whose colonies function very
much like super-organisms. In bees and their relatives, colonies consist of many sexually inactivated females (workers)
and a smaller number of reproductively active males called
drones, whose only function is to mate with the only reproductively active female, the queen. Ants, also social
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the biosphere. Early in the evolutionary history of metazoans,
reef-building sponges and corals evolved, creating biogenic
alterations in ocean current patterns and novel forms of
habitat for additional life forms. Benthic metazoans make use
of, and help maintain, the ocean bottom while annelids,
nematodes, rotifers, and a variety of arthropods perform the
same function for terrestrial soil systems. Many metazoans
serve as habitat for other metazoans: In the life cycle of an
individual tapeworm, a copepod, a mollusk, a ray-finned fish,
and an elasmobranch may all serve as habitat. The many
metazoans that are filter or suspension feeders may act as bioaccumulators. In some cases, their activities may enhance local
environmental quality, but this may be a mixed blessing.
Oysters and other edible mollusks, for example, are excellent
at extracting bacteria and other microbes from the water, but if
those microbes include fecal coliform bacteria from human
sewage the value of the mollusks as food is severely compromised. The array of complex ecological interactions between plants and insects has permitted the classification of
insects as ‘‘beneficial,’’ meaning that they do not compete with
us for plant biomass, ‘‘pest,’’ meaning that they do compete
with us for plant biomass, or ‘‘vector’’ when they transmit
diseases to us or our livestock. We use parasitoid insects as
agents of biocontrol by infecting pests and vectors with them.

interest has produced an increasingly complex biosphere. As
Maynard Smith and Szthmary (1995) observed, each major
transition in evolution has been associated with the emergence of organisms, and by extension the entire biosphere,
with enhanced abilities to produce, maintain, and transmit
information cohesively and also associated with the emergence of novel forms of selection resulting from the evolution
of those new organisms. In this way, each newly evolved form
of organism becomes intimately involved with both local and
global ecology, maintaining the biosphere as a relatively
isolated system with its own windows of viability (Ulanowicz,
1997).
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Organismal diversity is not just amazing, it is important. The
extent to which parts of today’s planetary array of organisms
can be reduced without creating a cascade of extinctions is
unknown but hotly debated. As well, virtually every species
has some value to humans, directly or indirectly. Organisms
provide us with food, shelter, raw materials, things of beauty,
and pharmaceuticals; help us with our work; and maintain the
ability of our air, soil, and water to sustain life, including our
own. They are valuable to us indirectly as the building blocks
of the biosphere within which we originally evolved and
which we still require in order to survive.
There is also clear evidence that all organisms are intimately tied together in the structure of the biosphere because
they are all simultaneously parts of larger genealogical and
ecological wholes. The significance of the duality of organismal diversity is most apparent in the recognition that new
types of organisms are derived from preexisting organisms,
while at the same time almost all organisms make extensive
use of the biodiversity that predated their origins. Newly
evolved organisms always have an impact on preexisting ones.
Because it is in the nature of the organism to be relatively
autonomous from its surroundings, these interactions are not
necessarily positive, often taking the form of ‘‘conflicts of
interest.’’ The evolutionary resolution of these conflicts of
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