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What is Biodiversity?

I.J. Harrison, M. F. Laverty and E.J. Sterling

Definition of biodiversity

Biodiversity, a contraction of the phrase “biological diversity,” is a complex topic, covering many aspects of biological variation. In popular usage, the word “biodiversity” is often used to describe all the species living in a particular area. If we consider this area at its largest scale – the entire world – then biodiversity can be summarized as “life on earth.” However, scientists use a broader definition of biodiversity, designed to include not only living organisms and their complex interactions, but also interactions with the abiotic (non-living) aspects of their environment. Definitions emphasizing one aspect or another of this biological variation can be found throughout the scientific and lay literature (see DeLong, 1996; Gaston, 1996: Table 1.1). For the purposes of this module, biodiversity
 is defined as:

The variety of life on Earth at all its levels, from genes to ecosystems, and the ecological and evolutionary processes that sustain it. 

Genetic diversity is the “fundamental currency of diversity” (Williams and Humphires, 1996) that is responsible for variation between individuals, populations and species. Therefore, it is an important aspect of any discussion regarding biodiversity. The interactions between the individual organisms (e.g., reproductive behavior, predation, parasitism) of a population or community, and their specializations for their environment (including ways in which they might modify the environment itself) are important functional aspects of biodiversity. These functional aspects can determine the diversity of different communities and ecosystems. 

There is also an important spatial component to biodiversity. The structure of communities and ecosystems (e.g. the number of individuals and species present) can vary in different parts of the world. Similarly, the function of these communities and ecosystems (i.e. the interactions between the organisms present) can vary from one place to another. Different assemblages of ecosystems can characterize quite diverse landscapes, and cover large areas. These spatial patterns of biodiversity are affected by climate, geology, and physiography (Redford and Richter, 1999). 

The structural, functional, and spatial aspects of biodiversity can vary over time; therefore there is a temporal component to the analysis of biodiversity. For example, daily, seasonal, or annual changes can occur within a species and can affect the number of organisms present in an ecosystem, as well as how they interact. Some ecosystems change in size or structure over time (e.g. forest ecosystems may change in size and structure because of the effects of natural fires, and wetlands gradually silt up and decrease in size). Biodiversity also changes over a longer-term, evolutionary, time-scale. Geological processes (e.g., plate tectonics
, orogenesis
, erosion), changes in sea-level (marine transgressions and regressions), and changes in climate cause significant, long-term change to the structural and spatial characteristics of global biodiversity. The processes of natural selection and species evolution, which may often be associated with geological processes, also result in changes to local and global flora and fauna.  

Many people consider humans to be a part of nature, and therefore a part of biodiversity. On the other hand, some people (e.g., Redford and Richter, 1999) confine biodiversity to natural variety and variability, excluding biotic patterns and ecosystems that result from human activity. However, it is difficult to assess the “naturalness” of an ecosystem in this way, as human influence is so pervasive and varied (Hunter, 1996; Angermeier, 2000; Sanderson et al., 2002). If one takes humans as part of nature, then cultural diversity of human populations and the ways that these populations use (or otherwise interact with) habitats and other species on Earth, are also a component of biodiversity. Other people make a compromise between totally including or excluding human activities as a part of biodiversity. These biologists do not accept all aspects of human activity and culture as part of biodiversity, but they do recognize that the ecological and evolutionary diversity of domestic species, and the species composition and ecology of agricultural ecosystems are a part of biodiversity. (For further discussion see the modules on “Human Evolution” and “Cultural Diversity.”)

The biodiversity hierarchy

To effectively conserve biodiversity, we need to be able to define what we want to conserve, determine where it currently occurs, identify strategies to help conserve it, and track over time whether or not these strategies are working. The first of these items, defining what we want to conserve, is complicated by the remarkable diversity of the organisms themselves. This is a product of the "genetic diversity" of the organisms, that is, variation in the DNA (deoxyribonucleic acid) that makes up the genes of the organisms.

Genetic diversity among organisms exists at the following different levels:

· within a single individual (e.g., different alleles of the same gene) 

· between different individuals of a single population (e.g., gene mutations causing melanism in some individuals within a population)

· between different populations of a single species (population diversity) (e.g., genetic differences between populations of threespine sticklebacks result in distinct differences body armor between populations; see Gibson, 2005) 

· between different species (species diversity)

It can be difficult, in some cases, to establish the boundaries between these levels of diversity. A common problem is difficulty in interpreting whether variation between groups of individuals represents diversity between different species, or represents diversity only between different populations of the same species. The carrion crow (Corvus corone) and the hooded crow (Corvus cornix) are extremely similar in appearance and habits and, until recently, were considered as geographical races of a single species; indeed, several authorities only recognize a subspecific difference between them.  Nevertheless, in general terms, these levels of genetic diversity form a convenient hierarchy for describing the overall diversity of organisms on Earth. 

Similarly, the functional and spatial aspects of biodiversity can also be discussed at a number of different levels, such as diversity within or between communities, ecosystems, landscapes, biogeographic regions, and ecoregions. 

Genetic diversity

Genetic diversity
 refers to any variation in the nucleotides, genes, chromosomes, or whole genomes of organisms (the genome
 is the entire complement of DNA within the cells or organelles of the organism). Genetic diversity, at its most elementary level, is represented by differences in the sequences of nucleotides (adenine, cytosine, guanine, and thymine) that form the DNA within the cells of the organism. The DNA is contained in the chromosomes present within the cell; some chromosomes are contained within specific organelles in the cell (for example, the chromosomes of mitochondria and chloroplasts). Nucleotide variation is measured for discrete sections of the chromosomes, called “genes.”  Thus, each gene comprises a hereditary section of DNA that occupies a specific place on the chromosome, and controls a particular characteristic of an organism. 

Most organisms are diploid, having two sets of chromosomes, and therefore two copies (called alleles) of each gene. However, some organisms can be haploid, triploid, or tetraploid (having one, three, or four sets of chromosomes respectively). Any single organism may have identical alleles for any particular gene (in which case they are ‘homozygous’ for that gene), or they may have two (or more) different alleles for that gene (in which case they are ‘heterozygous’ for the gene). This variation is introduced either through mutation of one of the alleles, or as a result of sexual reproduction. During sexual reproduction, offspring inherit alleles from both parents, and these alleles might be slightly different.  Especially so, if there has been migration or hybridization of organisms so that the parents come from different populations and gene pools. Also, when the offspring’s chromosomes are copied after fertilization, genes can be exchanged in a process called sexual recombination. Harmless mutations and sexual recombination may allow the evolution of new characteristics (see the module on “Microevolutionary Processes” for further discussion).

Each allele codes for the production of amino acids, that string together to form proteins. Thus, differences in the nucleotide sequences of alleles result in the production of slightly different strings of amino acids or variant forms of the proteins. 

These proteins code for the development of the anatomical and physiological characteristics of the organism, which are also responsible for determining aspects of the behavior of the organism. 

Different species can have different numbers of genes within the entire DNA or genome of the organism. However, a greater total number of genes might not correspond with a greater observable complexity in the anatomy and physiology of the organism (i.e., greater phenotypic complexity). For example, the predicted size of the human genome is not much larger than the genomes of some invertebrates and plants, and may even be smaller than the Indian rice genome (see Table 1). In humans, more proteins are encoded per gene than in other species (Rubin, 2001).

Besides having distinct combinations of genes, species may also have variation in the shape and composition of the chromosomes carrying the genes, and in the total number of chromosomes present. Examination of these features of the chromosomes (termed karyology) provides another way of describing genetic diversity.

Analyses of genetic diversity can be applied to studies of the evolutionary ecology of populations. Genetic studies can identify alleles that might affect the ability of the organism to survive in its existing habitat, or might enable it to survive in more diverse habitats. This is the basis of “natural selection” where some alleles can confer a selective advantage on the host organism, such that it is more likely to survive than if it did not have the particular alleles. For example, humans who are heterozygous for the recessive allele that causes sickle anaemia do not show symptoms of the disease but do have greater resistance to malaria, and in this respect there is a selective advantage to this heterozygote condition. In contrast, the homozygous individuals express the disease and are at a selective disadvantage. These relative selective pressures are responsible for maintaining the recessive allele at different levels in different populations.

The presence of unique genetic characteristics distinguishes members of a given population from those of any other population. Large populations will usually have a greater diversity of alleles compared to small populations. This diversity of alleles indicates a greater potential for the evolution of new combinations of genes, and subsequently, a greater capacity for evolutionary adaptation to different environmental conditions. In small populations, individuals are likely to be genetically, anatomically, and physiologically more homogenous than in larger populations, and less able to adapt to different environmental conditions (see module on “Small Population Phenomena”). Genetic diversity is, therefore, a key component for conservation efforts associated with population management (Andayani et al., 2001). 

The genetic constitution of an organism – the arrangement of the DNA into genes on chromosomes – is also referred to as its genotype
. Hence, variation that exists within the genetic constitution of an organism is often referred to as genotypic variation
. Note, therefore, that genetic variation and genotypic variation are somewhat synonymous terms. However, the outward appearance of an organism is a product of its genotypic variation, and so some people may refer to the visually discernable product of genotypic variation (for example, variation in the coloration of populations of the northern water snake, Nerodia sipedon) as a feature of genetic variation. This is discussed in more detail, below. 

Phenotypic diversity

Genes code for the outward expression of physical traits of the organism but the environment can also modify the way in which the genes are physically expressed in the organism. The physical constitution of an organism that results from its genetic constitution (genotype), and the action of the environment on the expression of the genes, is termed the phenotype
. 

Phenotypic variation
, therefore, refers to the variation of the physical traits, or phenotypic characters of the organism, such as differences in anatomical, physiological, biochemical, or behavioral characteristics. As noted above, phenotypic diversity is, in part, a product of genetic diversity. Nevertheless, the phenotypic characters represent an important measure of the adaptation of the organism to its environment. For example, fur color is the phenotypic expression of a genetically controlled character; natural selection is likely to favor those individuals that are better camouflaged against the background substrate, which results in habitat-specific phenotypes. This has been described for rock pocket mice by Hoekstra et al. (2005). 

Phenotypic diversity between individuals, populations, and species is usually described in terms of the variation in external morphology of individuals. Variation in physiological and biochemical characteristics of the organism are also important indicators of phenotypic diversity. Behavioral characteristics represent the way in which the organism interacts with its environment and are therefore the product of the anatomical, physiological, or biochemical traits that might be adaptations for the environment. For example, the migration behavior of some birds or mammals, and the host specificity of parasites, are closely linked with the ways in which the organisms use the environment to meet their physiological requirements. Thus, variation in behavioral characteristics may also be used to describe phenotypic diversity between individuals, populations, or species. 

Local environmental conditions can alter phenotypic characters. The physiological (and anatomical) characteristics of the kidney in fishes, for example, can vary depending on the environment. Rainbow trout (Oncorhynchus mykiss) and flounder (Platichthys flesus) filter fluid through their kidneys at different rates, depending on the salinity of the water in which the fish are immersed (see Harrison, 1996 for references).  In plants, leaf shape can show significant variability among individuals of the same species occupying different habitats (e.g., dry versus wet sites, or sunny versus shaded sites).  Thus, any discussion of phenotypic diversity should account for the interrelationships between anatomical structure and function for organisms living in different habitats. 

Indeed, phenotypic characters are the product of complex interrelationships between the form and function of various body tissues and organs. For example, the physical properties of light limit the minimum size for vertebrate eyes. Diffraction effects at the lens aperture increase with decreasing aperture size, resulting in a less sharp image. In addition, the wavelength of light constrains the minimum size of the photoreceptors, as does the minimum functional size of the organelles within the photoreceptors (Lythgoe, 1980). Consequently, the eyes are relatively large in minute vertebrates (such as species of amphibians and fishes). This, in turn, may affect the development and function of adjacent organs in the head, where there is a “competition” for headspace (Hanken, 1983; Harrison, 1996).

The extent to which genetic variation between organisms is expressed in their phenotypes can be quite variable for different characteristics. Genetic variation between some features might be expressed as very subtle differences in their phenotype. For example, populations and subspecies of the herring gull (Larus argentatus) and the lesser black-backed gull (Larus fuscus) are distinguished by slight differences in the coloration of individuals. In some cases these differences can be difficult to detect. On the other hand, genetic variation within a species can be expressed more visibly in the phenotype in some cases, particularly in cultured plants or domesticated animals, where particular features have been artificially selected in different strains or breeds. For example, broccoli, cabbage, and kale are morphologically quite diverse but are all considered to be subspecies of Brassica oleracea.  
Behavioral characteristics, which are part of phenotypic diversity, are also important aspects of population, community, and ecosystem diversity. The herding behavior of some mammals, such as elephants or wildebeest, helps determine the size and activity of populations. Moreover, the activity of these herds (e.g. seasonal migrations) can significantly affect the overall ecology of an ecosystem. Behavioral patterns are also associated with landscape/seascape and biogeographic diversity. According to Tsukamoto and Aoyama (1998), some species of eels that inhabit temperate waters of the Indo-Pacific (the Japanese eel Anguilla japonica) and temperate waters of the Atlantic (the European eel A. anguilla and the American eel A. rostrata) are descended from tropical dwelling ancestors that may have undergone short spawning migrations between freshwater and seawater. However, Tsukamoto and Aoyama (1998) suggest that in order for these species to maintain their habit of spawning in warmer waters, their spawning migrations have increased in length with the evolution and movement of the Philippine and Atlantic lithospheric plates
 (the large, mobile pieces of the Earth’s lithosphere, which is the upper ca. 100 km of the mantle and crust of the Earth, where the rocks are rigid compared to those deeper below the Earth’s surface). That is, the freshwater habitats of the adults have been carried further into temperate environments as a result of tectonic movement, and so the fish must migrate further to reach their warmer, ancestral spawning grounds. Note however that this evolutionary scenario is a hypothesis that requires further testing (see section on “Biogeographic Diversity” for further discussion). 

Population diversity

A population
 is a group of individuals of the same species that share aspects of their genetics or demography
 more closely with each other than with other groups of individuals of that species (where demography is the statistical characteristics of the population such as size, density, birth and death rates, distribution, and movement or migration). 

Population diversity may be measured in terms of the variation in genetic and morphological features that define different populations. The diversity may also be measured in terms of the populations’ demographics, such as numbers of individuals present, and the proportional representation of different age classes and sexes. However, it can be difficult to measure demography and genetics (e.g., allele frequencies) for all species. A more practical way of defining a population and measuring its diversity is by the space it occupies. Accordingly, a population7 is a group of individuals of the same species occupying a defined area at the same time (Hunter, 2002: 144). The area occupied by a population is most effectively defined by the ecological boundaries that are important to the population (for example, a particular region and type of vegetation for a population of beetles, or a particular pond for a population of fish). 

The geographic range and distribution of populations (i.e., their spatial structure) represent key factors in analyzing population diversity because they give an indication of the likelihood of movement of organisms between populations, and consequent genetic and demographic interchange. Similarly, an estimate of the overall population size provides a measure of the potential genetic diversity within the population; large populations usually represent larger gene pools and hence greater potential diversity (see “Genetic Diversity”). 

Isolated populations, with very low levels of interchange, may show high levels of genetic divergence (Hunter, 2002: 145), and exhibit unique adaptations to the biotic and abiotic characteristics of their habitat.  The genetic diversity of some groups that generally do not disperse well — such as amphibians, mollusks, and some herbaceous plants — may be mostly restricted to local populations (Avise, 1994).  For this reason, range retractions of species can lead to loss of local populations and the genetic diversity they hold.  For example, the Florida panther, Felis concolor coryi, which was formerly widespread throughout much of the southeastern US, is now restricted to some fifty or so individuals in southwest Florida. These individuals show elevated inbreeding and hence loss of genetic variation, which has resulted in several physiological impairments and declining health. Loss of isolated populations along with their unique component of genetic variation is considered by some scientists to be one of the greatest but most overlooked tragedies of the biodiversity crisis (Ehrlich and Raven, 1969).  

Populations can be categorized according to the level of divergence between them. Isolated and genetically distinct populations of a single species may be referred to as subspecies, according to some (but not all) species concepts. Populations that show less genetic divergence might be recognized as “variants” or “races.” However, the distinctions between subspecies and other categories can be somewhat arbitrary (see “Species Diversity”). 

 A species that is ecologically linked to a specialized, patchy habitat may likely assume the patchy distribution of the habitat itself, with several different populations distributed at different distances from each other. This is the case for species that live in small wetlands, alpine zones on mountaintops, particular soil types or forest types, springs, caves, and many other comparable situations. Individual organisms living in distinct population groups may periodically disperse from one population to another, facilitating genetic exchange between the populations. This group of different but interlinked populations, with each different population located in its own, discrete patch of habitat, is called a metapopulation
. 

There may be quite different levels of dispersal between the constituent populations of a metapopulation. For example, a large or overcrowded population patch is unlikely to be able to support much immigration from neighboring populations.  It can, however, act as a source
 of dispersing individuals that will move away, either to join other populations or create new ones. A source area can also be one where the birth rate exceeds the death rate and surplus individuals overflow into adjacent metapopulation areas.  In contrast, a sink
 population is one that requires net immigration in order to sustain itself and does not have significant emmigration; the death rate is likely to exceed the birth rate in these sink populations.  The extent of genetic exchange between source and sink populations depends, therefore, on the size of the populations, the carrying capacity of the habitats where the populations are found, and the ability of individuals to move between habitats. Consequently, understanding how the patches and their constituent populations are arranged within the metapopulation, and the ease with which individuals are able to move among them, is key to describing the population diversity and conserving the species. For more discussion, see the modules on “Applied Demography” and “Metapopulations.” 

Species diversity

Strictly speaking, species diversity
 is the number of different species in a particular area (species richness
) weighted by some measure of abundance such as number of individuals or biomass. However, it is common for conservation biologists to incorrectly use the term species diversity even when they are actually referring to species richness.

Another measure of species diversity is species evenness
, which is the relative abundance with which each species is represented in an area. An ecosystem where all the species are represented by the same number of individuals has high species evenness. An ecosystem where some species are represented by many individuals, and other species are represented by very few individuals, has low species evenness.  Table 2 shows the abundance of species (number of individuals per hectare) in three ecosystems and gives the measures of species richness (S), evenness (E), and the Shannon diversity index (H).

Shannon’s diversity index (H) =  -((i ln (i  

· (i is the proportion of the total number of individuals of species i expressed as a proportion of the total number of individuals for all species in the ecosystem. The product of ((i ln (i ) for each species in the ecosystem is summed, and multiplied by -1 to give H.

The species evenness index (E) is calculated as = H/Hmax
· Hmax is the maximum possible value of H, and is equivalent to ln(S).
Thus E = H/ln (S)
See Gibbs et al., 1998: p.157 and Beals et al. (2000) for discussion and examples. Magurran (1988) also presents a discussion on the methods of quantifying diversity.

In Table 2, ecosystem A shows the greatest diversity in terms of species richness. However, ecosystem B could be described as being ‘richer’, insofar as most species present are more evenly represented by numbers of individuals; thus the species evenness (E) value is larger. This example also illustrates a condition that is often seen in tropical ecosystems, where disturbance of the ecosystem causes uncommon species to become even less common, and common species to become even more common. Disturbance of ecosystem B may produce ecosystem C, where the uncommon species 3 has become less common, and the relatively common species 1 has become more common. There may even be an increase in the number of species in some disturbed ecosystems but, as noted above, this may occur with a concomitant reduction in the abundance of individuals, or local extinction of the rarer species.

Species richness and species evenness are probably the most frequently used measures of the total biodiversity of a region. Species diversity is also described in terms of the phylogenetic diversity
, or evolutionary relatedness of the species present in an area. For example, when we look at the phylogenetic trees that show relatedness of species, we may see that some areas are rich in closely related taxa, having evolved from a common ancestor that was also found in that same area, whereas other areas may have an array of less closely related species, descended from different ancestors (see further comments in the section on “Species diversity as a surrogate for global biodiversity”). 

To count the number of species, we must define what constitutes a species. There are several competing theories, or “species concepts” (Mayden, 1997). The most widely accepted are the morphological species concept, the biological species concept, and the phylogenetic species concept.

Although the morphological species concept
 is largely outdated as a theoretical definition, it is still widely used. According to this concept:

“species are the smallest groups that are consistently and persistently distinct, and distinguishable by ordinary means” (Cronquist, 1978).

In other words, the morphological species concept20 states that “a species is a community, or a number of related communities, whose distinctive morphological characters are, in the opinion of a competent systematist, sufficiently definite to entitle it, or them, to a specific name” (Regan, 1926: 75).
The biological species concept,
 as described by Mayr and Ashlock (1991) states that

“a species is a group of interbreeding natural populations that is reproductively isolated from other such groups.”
According to the phylogenetic species concept
 (PSC), as defined by Cracraft (1983), a species:

“is the smallest diagnosable cluster of individual organisms [that is, the cluster of organisms are identifiably distinct from other clusters] within which there is a parental pattern of ancestry and descent.”

These concepts are not congruent, and considerable debate exists about the advantages and disadvantages of all existing species concepts (for further discussion, see the module on “Systematics and Taxonomy”).

In practice, systematists usually group individuals together according to shared features (genetic, morphological, physiological). When two or more groups show different sets of shared characters, and the shared characters for each group allow all the members of that group to be distinguished relatively easily and consistently from the members of another group, then the groups are considered different species. This approach relies on the objectivity of the phylogenetic species concept (i.e., the use of intrinsic, shared, characters to define or diagnose a species) and applies it to the practicality of the morphological species concept, in terms of sorting individuals into groups (Kottelat, 1995; 1997).

Despite their differences, all species concepts are based on the understanding that there are parameters that make a species a discrete and identifiable evolutionary entity. If populations of a species become isolated, either through differences in their distribution (i.e., geographic isolation) or through differences in their reproductive biology (i.e., reproductive isolation), they can diverge, ultimately resulting in speciation. During this process, we expect to see distinct populations representing “incipient species” – species in the process of formation. Some researchers may describe these as subspecies, or  another sub-category, according to the species concept used by these researchers. However, it is very difficult to decide when a population is sufficiently different from other populations to merit its ranking as a subspecies. For these reasons, subspecific and infrasubspecific ranks may become extremely subjective decisions about the degree of distinctiveness between groups of organisms (Kottelat, 1997). 

An “evolutionary significant unit”
(ESU) is defined in conservation biology as a group of organisms that has undergone significant genetic divergence from other groups of the same species. According to Ryder (1986), identification of ESUs requires the use of natural history information, range and distribution data, and results from analyses of morphometrics, cytogenetics, allozymes, and nuclear and mitochondrial DNA. In practice, many ESUs are based on only a subset of these data sources. Nevertheless, it is necessary to compare data from different sources (e.g., analyses of distribution, morphometrics, and DNA) when establishing the status of ESUs. If the ESUs are based on populations that are sympatric
 (i.e., occupying the same geographic area) or parapatric
 (i.e., occupying contiguous but not overlapping ranges) then it is particularly important to give evidence of the significant genetic distance between those populations. 

ESUs are important for conservation management because they can be used to identify discrete components of the evolutionary legacy of a species that warrant conservation action. Nevertheless, in evolutionary terms and hence in many systematic studies, species are recognized as the minimum identifiable unit of biodiversity, above the level of a single organism (Kottelat, 1997). Thus, there is generally more systematic information available for species diversity than for subspecific categories and for ESUs. Consequently, estimates of species diversity are more frequently used as the standard measure of overall biodiversity of a region. 

Species Diversity as a Surrogate for Global Biodiversity

Global biodiversity is frequently expressed as the total number of species currently living on Earth, i.e., its species richness. Between about 1.5 and 1.75 million species have been discovered and scientifically described thus far (LeCointre and Guyader, 2001; Cracraft, 2002). Estimates for the number of scientifically valid species vary, partly because of differing opinions on the definition of a species. For example, the phylogenetic species concept recognizes more species than the biological species concept. Also, some scientific descriptions of species appear in old, obscure, or poorly circulated publications. In these cases, scientists may accidentally overlook certain species when preparing inventories of biota, causing them to describe and name an already known species. 

More significantly, some species are very difficult to identify , such as taxonomically “cryptic species” that look very similar to other species and may be misidentified (and hence overlooked as being a different species). Several different but similar-looking species that are identified as a single species by one scientist, are identified as completely different species by another scientist. For further discussion of cryptic species, with specific examples of cryptic frogs from Vietnam, see Inger (1999) and Bain et al. (2003).
Scientists expect that the scientifically described species represent only a small fraction of the total number of species on Earth today. Many additional species have yet to be discovered, or are known to scientists but have not been formally described. Scientists estimate that the total number of species on Earth could range from about 3.6 million up to 117.7 million, with 13 to 20 million being the most frequently cited range (Hammond, 1995; Cracraft, 2002). 

The estimation of the total number of species is based on extrapolations from what we already know about certain groups of species. For example, we can extrapolate using the ratio of scientifically described species to undescribed species of a particular group of organisms collected from a prescribed area. However, we know so little about some groups of organisms, such as bacteria and some types of fungi, that we do not have suitable baseline data from which we can extrapolate our estimated total number of species on Earth. Additionally, some groups of organisms have not been comprehensively collected from areas where their species richness is likely to be greatest (for example, insects in tropical rainforests). These issues, and the fact that different people have used different techniques and data sets to extrapolate the total number of species, explain the large range between the lower and upper figures of 3.6 million and 117.7 million, respectively. 

While it is important to know the total number of species of Earth (as a measure of the overall biodiversity of the planet, and for comparisons of biodiversity of different regions), it is also informative to have some measure of the proportional representation of different groups of related species (e.g., bacteria, flowering plants, insects, birds, mammals). This type of diversity is usually referred to as the taxonomic or phylogenetic diversity. Species are grouped together according to shared characteristics (genetic, anatomical, biochemical, physiological, or behavioral), which gives us a classification of species based on their phylogenetic, or apparent evolutionary relationships. We can then use this information to assess the proportion of related species among the total number of species on Earth. Table 3 contains a selection of well-known taxa.

Most public attention is focused on the biology and ecology of large, charismatic species such as mammals, birds, and certain species of trees (e.g., mahogany, sequoia). However, the greater part of Earth’s known species diversity is found in other, generally overlooked groups, such as mollusks, insects, and groups of flowering plants. 

Community diversity

A community
 comprises the populations of different species that naturally occur and interact in a particular environment. Some communities are relatively small in scale and may have well-defined boundaries. Some examples are: species found in or around a desert spring, the collection of species associated with ripening figs in a tropical forest, those clustered around a hydrothermal vent on the ocean floor, those in the spray zone of a waterfall, or under warm stones in the alpine zone on a mountaintop. Other communities are larger, more complex, and may be less clearly defined, such as old-growth forests of the northwest coast of North America, lowland fen communities of the British Isles, or the community of freshwater species of Lake Baikal. 

Sometimes biologists apply the term “community” to a subset of organisms within a larger community. For example, some biologists may refer to the “community” of species specialized for living and feeding entirely in the forest canopy, whereas other biologists may refer to this as part of a larger forest community. This larger forest community includes those species living in the canopy, those on the forest floor, and those moving between these two habitats, as well as the functional interrelationships between all of these. Similarly, some biologists working on ecosystem management might distinguish between the community of species that are endemic to an area (e.g., species that are endemic to an island) as well as those “exotic” species that have been introduced to that area. The introduced species form part of the larger, modified community of the area, but might not be considered as part of the region’s original and distinctive community. 

Communities are frequently classified by their overall appearance, or physiognomy. For example, coral reef communities are classified according to the appearance of the reefs where they are located, i.e., fringing reef communities, barrier reef communities, and atoll communities. Similarly, different stream communities may be classified by the physical characteristics of that part of the stream where the community is located, such as riffle zone communities and pool communities. However, one of the easiest, and hence most frequent methods of community classification is based on the dominant types of species present – for example, intertidal mussel bed communities, Ponderosa pine forest communities of the Pacific northwest region of the U.S., or Mediterranean scrubland communities. Multivariate statistics provide more complex methods for diagnosing communities, for example, by arranging species on coordinate axes (e.g., x-y axes) that represent gradients in environmental factors such as temperature or humidity. For more information, see the module on “Natural communities in space and time.”

The factors that determine the diversity of a community are extremely complex. There are many theories on what these factors are and how they determine community and ecosystem diversity. Environmental factors, such as temperature, precipitation, sunlight, and the availability of inorganic and organic nutrients are very important in shaping communities and ecosystems. Hunter (2002: 81) notes that, generally speaking, organisms can persist and evolve in places where there are sufficient environmental resources for the organisms to channel energy into growth and reproduction, rather than simply into the metabolic requirements for survival. In other words, organisms are less likely to thrive in a harsh environment with low energy resources. 

One way of measuring community diversity is to examine the energy flow through food webs that unite the species within the community. The extent of community diversity can then be measured by the number of links in the food web. In practice, however, it can be very difficult to quantify the functional interactions between the species within a community. It is easier to measure the genetic diversity of the populations in the community, to count the numbers of species present, and use these measures of genetic diversity and species richness as proxies for describing the functional diversity of the community. Thus, the amount of diversity expressed between individuals is assumed to be correlated with the complexity of functional relationships that exist between these individuals. The evolutionary or taxonomic diversity of the species present is another way of measuring the diversity of a community, for application to conservation biology.  

Ecosystem diversity

An ecosystem
 is a community plus the physical environment that it occupies at a given time. An ecosystem can exist at any scale, from the size of a small tide pool up to the size of the entire biosphere. However, lakes, marshes, and forest stands represent more typical examples of the areas that are compared in discussions of ecosystem diversity. Watersheds are also being used quite frequently to delimit the extent of an ecosystem. WWF has developed HydroSHEDS to facilitate mapping of species distributions, habitats, and water flow modeling in defined watershed areas (see WWF, 2006, for more details). 

Broadly speaking, the diversity of an ecosystem is dependent on the physical characteristics of the environment, the diversity of species present, and the interactions that the species have with each other and with the environment. Therefore, the functional complexity of an ecosystem can be expected to increase with the number and taxonomic diversity of the species present, and the vertical and horizontal complexity of the physical environment. However, one should note that some ecosystems (such as submarine black smokers, or hot springs) that do not appear to be physically complex, and that are not especially rich in species, may be considered to be functionally complex.  This is because they include species that have remarkable biochemical specializations for surviving in the harsh environment and obtaining their energy from inorganic chemical sources (e.g., see discussions of Rothschild and Mancinelli, 2001).

The physical characteristics of an environment that affect ecosystem diversity are themselves quite complex (as previously noted for community diversity). These characteristics include the temperature, precipitation, and topography of the ecosystem. There is a general trend for warm tropical ecosystems to be richer in species than cold temperate ecosystems (see section on “Spatial gradients in biodiversity”). Also, the energy flux in the environment can significantly affect the ecosystem. An exposed coastline with high wave energy will have a considerably different type of ecosystem than a low-energy environment such as a sheltered salt marsh. Similarly, an exposed hilltop or mountainside is likely to have stunted vegetation and low species diversity compared to more prolific vegetation and high species diversity in sheltered valleys (see Walter, 1985, and Smith, 1990, for general discussions on factors affecting ecosystems, and comparative ecosystem ecology). 

Environmental disturbance on a variety of temporal and spatial scales can affect the species richness and, consequently, the diversity of an ecosystem. For example, river systems in the North Island of New Zealand have been affected by volcanic disturbance several times over the last 25,000 years. Ash-laden floods running down the rivers would have extirpated most of the fish fauna in the rivers, and recolonization has been possible only by a limited number of diadromous species (i.e., species, like eels and salmons, that migrate between freshwater and seawater at fixed times during their life cycle). Once the disturbed rivers had recovered, the diadromous species would have been able to recolonize the rivers by dispersal through the sea from other unaffected rivers (McDowall, 1996). Nevertheless, moderate levels of occasional disturbance can also increase the species richness of an ecosystem by creating spatial heterogeneity in the ecosystem, and also by preventing certain species from dominating the ecosystem. 

Ecosystems may be classified according to the dominant type of environment, or the dominant type of species present; for example, a salt marsh ecosystem, a rocky shore intertidal ecosystem, a mangrove swamp ecosystem. Because temperature is an important aspect in shaping ecosystem diversity, it is also used in ecosystem classification (e.g., cold winter deserts versus warm deserts) (Udvardy, 1975).

While the physical characteristics of an area will significantly influence the diversity of the species within a community, the organisms can also modify the physical characteristics of the ecosystem. For example, stony corals (Scleractinia) are responsible for building the extensive calcareous structures that are the basis for coral reef ecosystems that can extend thousands of kilometers (e.g. Great Barrier Reef). There are less extensive ways in which organisms can modify their ecosystems. For example, trees can modify the microclimate and the structure and chemical composition of the soil around them. For discussion of the geomorphic influences of various invertebrates and vertebrates see Butler (1995) and, for further discussion of ecosystem diversity, see the module on “Processes and functions of ecological systems.”  

Landscape diversity

A landscape
 is “a mosaic of heterogeneous land forms, vegetation types, and land uses” (Urban et al., 1987). Therefore, assemblages of different ecosystems (the physical environments and the species that inhabit them, including humans) create landscapes on Earth. Although there is no standard definition of the size of a landscape they are usually in the hundred or thousands of square kilometers.  

Species composition and population viability are often affected by the structure of the landscape, such as the size, shape, and connectivity of individual patches of ecosystems within the landscape (Noss, 1990). In order to ensure the survival of species that range widely across different ecosystems (e.g., jaguars, quetzals, species of plants that have widely dispersed pollen and seeds) conservation management should be directed at whole landscapes (Hunter, 2002: 83-85, 268-270). 

Diversity within and between landscapes depends on local and regional variations in environmental conditions, as well as the species supported by those environments. Landscape diversity is often incorporated into descriptions of “ecoregions,” discussed below. 

Ecoregions

Since the 1980s, there has been an increasing tendency to map biodiversity over “ecosystem regions” or “ecoregions.” An ecoregion
 is “a relatively large unit of land or water containing a geographically distinct assemblage of species, natural communities, and environmental conditions" (WWF, 1999); thus, the ecosystems within an ecoregion have certain distinct characters in common (Bailey, 1998a).  Several standard methods of classifying ecoregions have been developed, with climate, altitude, and predominant vegetation being important criteria (Stein et al., 2000). Bailey’s (1983, 1998a, b) classification is one of the most widely adopted. It is a hierarchical system with four levels: domains, divisions, provinces, and sections. 

Domains are the largest geographic levels and are defined by climate, e.g., polar domain, dry domain, or humid tropical domain. Domains are split into smaller divisions that are defined according to climate and vegetation, and the divisions are split into smaller provinces that are usually defined by their major plant formations (see Table 4 for some examples). Some divisions also include varieties of “mountain provinces.” These generally have a similar climatic regime to the neighboring lowlands but show some altitudinal zonation, and they are defined according to the types of zonation present. Provinces are divided into sections, which are defined by the landforms present. 
Because ecoregions are defined by their shared biotic and abiotic characteristics, they represent practical units on which to base conservation planning. Moreover, the hierarchical nature of Bailey’s ecoregion classification allows for conservation management to be planned and implemented at a variety of geographical levels, from small scale programs focused on discrete sections, to much larger national or international projects that target divisions. Olson and Dinerstein (2002) identified 238 terrestrial or aquatic ecoregions – called the “Global 200” –  considered to be priorities for global conservation. These ecoregions were selected because they harbor exceptional biodiversity and are representative of the variety of Earth’s ecosystems. 

Biogeographic diversity

Biogeography
 is “the study of the distribution of organisms in space and through time” (Wiley, 1981). Analyses of the patterns of biogeography can be divided into the two fields of historical biogeography and ecological biogeography (Wiley, 1981).

Historical biogeography
 examines past events in the geological history of the Earth and uses these to explain patterns in the spatial and temporal distributions of organisms (usually species or higher taxonomic ranks). For example, an explanation of the distribution of closely related groups of organisms in Africa and South America is based on the understanding that these two land masses were formerly connected as part of a single land mass (Gondwana). The ancestors of those related species now found in Africa and South America are assumed to have had a cosmopolitan distribution across both continents when they were connected. Following the separation of the continents by the process of plate tectonics, the isolated populations are assumed to have undergone allopatric speciation
 (i.e., speciation achieved between populations that are completely geographically separate). This separation resulted in the closely related groups of species on the now separate continents.  Clearly, an understanding of the systematics of the groups of organisms (i.e., the evolutionary relationships that exists between the species) is an integral part of these historical biogeographic analyses. 

The same historical biogeographic hypotheses can be applied to the spatial and temporal distributions of marine biota. For example, the biogeography of fishes from different ocean basins has been shown to be associated with the geological evolution of these ocean basins (see Stiassny and Harrison, 2000, for examples with references). However, we cannot assume that all existing distribution patterns are solely the product of these past geological processes. It is evident, for example, that the existing marine fauna of the Mediterranean is a product of the complex geological history of this marine basin, involving separation from the Indian and Atlantic Oceans, periods of extensive desiccation followed by flooding and recolonization from the Atlantic (Por, 1989). However, there is also good evidence that the eastern end of the Mediterranean has been colonized more recently by species that have dispersed from the Red Sea via the Suez Canal. These are examples of “biological invasions” of exotic species into new areas (see module of Biological Invasions for more details). Golani et al. (2002) provide discussion for examples of fishes that have colonized the Mediterranean from both the Atlantic and the Red Sea.

Thus, the field of ecological biogeography
 first examines the dispersal of organisms (usually individuals or populations) and the mechanisms that influence this dispersal, and then uses this information to explain the spatial distribution patterns of these organisms. For further discussion see the module on “Biogeography,” as well as Wiley (1981) and Humphries and Parenti (1999). 

How is biodiversity distributed?

Alpha, Beta, and Gamma diversity

Whittaker (1972) described three terms for measuring biodiversity over spatial scales: alpha, beta, and gamma diversity (see Figure 1). Alpha diversity
 refers to the diversity within a particular ecosystem, and is usually expressed by the number of species (i.e., species richness) in that ecosystem. For example, if we are monitoring the effect that British farming practices have on the diversity of native birds in a particular region of the country, then we might want to compare species diversity within different ecosystems, such as an undisturbed deciduous wood, a well-established hedgerow bordering a small pasture, and a large arable field. We can walk a transect in each of these three ecosystems and count the number of species we see; this gives us the alpha diversity for each ecosystem; see Table 5 (this example is based on the hypothetical example given by Meffe et al., 2002: Table 6.1).

If we examine the change in species diversity between these ecosystems then we are measuring the beta diversity
. We are counting the total number of species that are unique to each of the ecosystems being compared. For example, the beta diversity between the woodland and the hedgerow habitats is 7 (representing the 5 species found in the woodland but not the hedgerow, plus the 2 species found in the hedgerow but not the woodland). Thus, beta diversity allows us to compare diversity between ecosystems. 

Gamma diversity
 is a measure of the overall diversity for the different ecosystems within a region. Hunter (2002: 448) defines gamma diversity as “geographic-scale species diversity.” In the example in Table 5, the total number of species for the three ecosystems is 14, which represents the gamma diversity. 

Spatial gradients in biodiversity

Generally speaking, warm tropical ecosystems are richer in species than the cold temperate ecosystems found at high latitudes (see Gaston and Williams, 1996, for general discussion). A similar pattern is seen for higher taxonomic groups (genera, families). Various hypotheses (e.g., environmental patchiness, solar energy, productivity; see Blackburn and Gaston, 1996) have been raised to explain these patterns. For example, it is assumed that warm, moist, tropical environments, with long day-lengths, provide organisms with more resources for growth and reproduction than harsh environments with low energy resources (Hunter, 2002).  When environmental conditions favor the growth and reproduction of primary producers (e.g., aquatic algae, corals, terrestrial flora) then these may support large numbers of secondary consumers, such as small herbivores, which also support a more numerous and diverse fauna of predators. In contrast, the development of primary producers in colder temperate ecosystems is constrained by seasonal changes in sunlight and temperature. Consequently, these ecosystems may support a less diverse biota of secondary consumers and predators. 

Recently, Allen et al. (2002) developed a model for the effect of ambient temperature on metabolism, and hence generation time and speciation rates, and used this model to explain the latitudinal gradient in biodiversity. However, these authors also noted that the principles that underlie these spatial patterns of biodiversity are still not well understood. 

Species and ecosystem diversity is also known to vary with altitude (Walter, 1985; Gaston and Williams, 1996: 214-215). Mountainous environments, also called orobiomes
, are subdivided vertically into altitudinal belts, such as montane, alpine, and nival, with quite different ecosystems. Climatic conditions at higher elevations (e.g., low temperatures, high aridity) can create environments where relatively few species can survive. Similarly, in oceans and freshwaters there are usually fewer species as one moves to increasing depths below the surface. However, in the oceans there may be a rise in species richness close to the seabed,  which is associated with an increase in ecosystem heterogeneity  (the sea bed incorporates solid surfaces of different characteristics, which organisms may swim or walk over, or burrow into, compared to the more structurally uniform water column in the open ocean).

By mapping spatial gradients in biodiversity, we can also identify areas of special conservation interest. Conservation biologists are interested in areas that have a high proportion of endemic species
i.e., species whose distributions are naturally restricted to a limited area. It is obviously important to conserve these areas because much of their flora and fauna, and therefore the ecosystems so formed, are found nowhere else. Areas of high endemism are also often associated with high species richness (see Gaston and Spicer, 1998, for references).  

Some conservation biologists have focused their attention on areas that have high levels of endemism (and hence diversity) that are also experiencing a high rate of loss of ecosystems; these regions are biodiversity hotspots
. Because biodiversity hotspots are characterized by localized concentrations of biodiversity under threat, they represent priorities for conservation action (Sechrest et al., 2002). A terrestrial biodiversity hotspot39 is defined quantitatively as an area that has at least 0.5%, or 1,500 of the world’s ca. 300,000 species of green plants (Viridiplantae), and that has lost at least 70% of its primary vegetation (Myers et al., 2000; Conservation International, 2002). Marine biodiversity hotspots39 are quantitatively defined based on measurements of relative endemism of multiple taxa (species of corals, snails, lobsters, fishes) within a region and the relative level of threat to that region (Roberts et al., 2002). According to this approach, the Philippine archipelago and the islands of Bioko, São Tomé, Principe, and Annobon in the eastern Atlantic Gulf of Guinea are ranked as two of the most threatened marine biodiversity hotspot regions. 

Conservation biologists may also be interested in biodiversity coldspots
; these are areas that have relatively low biological diversity but also include threatened ecosystems (Kareiva and Marvier, 2003). Although a biodiversity coldspot is low in species richness, it can also be important to conserve, as it may be the only location where a rare species is found.  Extreme physical environments (low or high temperatures or pressures, or unusual chemical composition) inhabited by just one or two specially adapted species are coldspots that warrant conservation because they represent unique environments that are biologically and physically interesting. For further discussion on spatial gradients in biodiversity and associated conservation practices, see the related modules on “Where is the world’s biodiversity?” and “Conservation Planning at a Regional Scale.”

Biodiversity over time

The history of life on Earth is described in various publications and web sites (e.g., Speer and Collins, 2000; Tudge, 2000; Lecointre and Guyader, 2001; Maddison, 2001 Eldredge, 2002); it is also discussed in the module on “Macroevolution: essentials of systematics and taxonomy.” For the current purpose of understanding “what is biodiversity,” it is only necessary to note that that the diversity of species, ecosystems, and landscapes that surround us today are the product of perhaps 3.7 billion (i.e., 3.7 x 109 ) to 3.85 billion years of evolution of life on Earth (Mojzsis et al., 1996; Fedo and Whitehouse, 2002). 

Thus, the evolutionary history of Earth has physically and biologically shaped our contemporary environment. As noted in the section on “Biogoegraphy,” plate tectonics and the evolution of continents and ocean basins have been instrumental in directing the evolution and distribution of the Earth’s biota. However, the physical environment has also been extensively modified by these biota. Many existing landscapes are based on the remains of earlier life forms. For example, some existing large rock formations are the remains of ancient reefs formed 360 to 440 million years ago by communities of algae and invertebrates (Veron, 2000). Very old communities of subterranean bacteria may have been responsible for shaping many geological processes during the history of the Earth, such as the conversion of minerals from one form to another, and the erosion of rocks (Fredrickson and Onstott, 1996). The evolution of photosynthetic bacteria, sometime between 3.5 and 2.75 million years ago (Schopf, 1993; Brasier et al., 2002; Hayes, 2002), played an important role in the evolution of the Earth’s atmosphere. These bacteria released oxygen into the atmosphere, changing its composition from mainly carbon dioxide, with other gases such as nitrogen, carbon monoxide, methane, hydrogen, and sulphur gases present in smaller quantities. It probably took over 2 billion years for the oxygen concentration to reach the level it is today (Hayes, 2002), but the process of oxygenation of the atmosphere led to important evolutionary changes in organisms so that they could utilize oxygen for metabolism. The rise of animal and plant life on land was associated with the development of an oxygen rich atmosphere. 
Extinction

Extinction
 is the complete disappearance of a species from Earth. Thus, extinction is the final and irreversible event of species loss (at least until biotechnology procedures such as cryopreservation of gametes and cloning might allow practicable methods of species preservation, and it is not clear that those biotechnological techniques can ever be relied on as the principal means of species preservation).  In contrast, extirpation is the local or regional disappearance of a species from only a part of its range. Regional or national biodiversity reports may sometimes misleadingly refer to the ‘extinction’ of a species within the area under consideration when it is still found in other regions. The distinction is important since careful use of these two terms can help establish whether we are dealing with a complete genetic loss of the species. Nevertheless, extirpation may include the loss of unique components of a species’ overall genetic diversity. Moreover, extirpation events represent the early stages of the extinction process and therefore should serve as important warnings for the need to implement conservation action for the species.

However, it is also important to realize that extinction is an important part of the evolution of life on Earth. The current diversity of species is a product of the processes of extinction and speciation throughout the previous 3.8 billion year history of life (see above). Raup (1991) assumed that there might be 40 million species alive today, but between 5 and 50 billion species have lived at some time during the history of the Earth. Therefore, Raup estimated that 99.9% of all the life that has existed on Earth is now extinct
; a species is assumed to be extinct when there is no reasonable doubt that the last individual has died (IUCN, 2002). However, extinction has not occurred at a constant pace through the Earth’s history. There have been at least five periods when there has been a sudden increase in the rate of extinction, such that the rate has at least doubled, and the extinctions have included representatives from many different taxonomic groups of plants and animals; these events are called mass extinctions
.  The timing of these mass extinctions is shown in Table 6. 
Each of the first five mass extinctions shown in Table 6 represents a significant loss of biodiversity – but recovery has been good on a geologic time scale. Mass extinctions are apparently followed by a sudden burst of evolutionary diversification on the part of the remaining species; some evolutionary biologists suggest this is because the surviving species started using habitats and resources that were previously “occupied” by more competitively successful species that went extinct.  However, these bursts of diversification do not mean that the recoveries from mass extinction have been rapid; they have usually required some tens of millions of years (Jablonski, 1995). 

It is hypothesized that we are currently on the brink of a “sixth mass extinction,” but one that differs from previous events.  The five other mass extinctions predated humans and were probably the ultimate products of some physical process (e.g. climate change through meteor impacts), rather than the direct consequence of the action of some other species. In contrast, the sixth mass extinction is the product of human activity over the last several hundred, or even several thousand years. These mass extinctions, and their historic and modern consequences, are discussed in more detail in the modules on “Historical perspectives on extinction and the current biodiversity crisis,” and “Ecological consequences of extinctions.” 
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Tables and figures

Table 1. Comparison of genome sizes

	Species
	Organism common name
	Number of genes in genome
	Reference

	Arabidopsis thaliana
	thale cress
	25,498
	Arabidopsis Genome Initiative (2000)

	Oryza sativa (indica-cultivar subgroup)
	Indian rice
	46,022-55,615
	Yu et al. (2002)

	Caenorhabditis elegans
	nematode
	( 19,000
	C. elegans Sequencing Consortium (1998)

	Drosophila melanogaster
	fruit fly
	13,600
	Adams et al. (2000)

	Homo sapiens
	human
	ca. 30,000-40,000
	International Human Genome Sequencing Consortium (2001)


Table 2. Abundance of species (number of individuals/hectare) in three ecosystems, with measures of species richness and evenness 

(modified from Hunter, 2002: Table 2.2)

	
	Ecosystem

	
	A
	B
	C

	Species 1
	220
	80
	120

	Species 2
	170
	65
	65

	Species 3
	120
	50
	10

	Species 4
	70
	-
	-

	Species richness (S)
	4
	3
	3

	Shannon diversity index (H)
	1.3086
	1.0807
	1.0323

	Species evenness (E)
	0.94
	0.98
	0.94


Table 3. Estimated numbers of described species

Based on Lecointre and Guyader (2001)

	Taxon
	Taxon common name
	Number of species described (N)*
	N as percentage of total number of described species*

	Bacteria
	true bacteria
	9021
	0.5

	Archaea
	archaebacteria
	259
	0.01

	Stramenopiles
	stramenopiles
	105922
	6.1

	Angiospermae 
	flowering plants
	233885
	13.4

	Other Plantae
	(eg. red algae, mosses, ferns, conifers)
	49530
	2.8

	Fungi
	fungi
	100800
	5.8

	Mollusca 
	mollusks
	117495
	6.7

	Nematoda
	nematodes
	20000
	1.1

	Arachnida
	arachnids
	74445
	4.3

	Crustacea
	crustaceans
	38839
	2.2

	Insecta
	insects
	827875
	47.4

	Other invertebrate Metazoa 
	(e.g., cnidarians, platyhelmiths, annelids, echinoderms)
	82047
	4.7

	Actinopterygii 
	ray-finned bony fishes
	23712
	1.4

	Other Vertebrata
	(e.g., amphibians, ‘reptiles,’ mammals, birds)
	27199
	1.6

	Other Eucarya
	(e.g., alveolates, eugelozoans, choanoflagellates)
	36702
	2.1


* The table includes representatives from the three recognized Domains of Archaea, Bacteria, and Eucarya. Examples of eucaryan groups are restricted to those that include at least 1% of the total number of described species on Earth. The total number of species is estimated at 1,747,851. This figure, and the numbers of species for representative taxa, are taken from Lecointre and Guyader (2001).

Table 4. Examples of some ecoregion units for two domains in the United States

Based on the classification of Bailey (1983, 1998a,b) and McNab and Avers (1994). 

Numbers in parentheses refer to the standard codes used to identify the ecoregion units.

	DOMAIN
	DIVISION
	PROVINCE


	SECTION

	
	
	MOUNTAIN PROVINCE
	

	Polar (100)
	Tundra (120)
	Bering Tundra (Northern) (125)
	Kotzebue Sound Lowlands (125A)

	
	
	Seward Peninsula Tundra – Meadow (M125)
	Seward Mountains (M125A)

	
	Subarctic (130)
	Upper Yukon Tayga (139)
	Upper Yukon Flats (139A)

	
	
	Upper Yukon Tayga – Meadow (M139)
	Upper Yukon Highlands (M139A)

	Dry (300)
	Tropical/Subtropical Desert (320)
	Chihuahuan Semidesert (321)
	Basin and Range (321A)

	
	
	
	Stockton Plateau (321B)

	
	
	American Semidesert and Desert (322)
	Mojave Desert (322A)

	
	
	
	Sonoran Desert (322B)

	
	
	
	Colorado Desert (322C)

	
	Temperate Steppe (330)
	Great Plains Steppe (332)
	Northeast Glaciated plains (332A)

	
	
	
	Nebraska Sand Hills (332C)

	
	
	Middle Rocky Mountain Steppe -- Coniferous Forest -- Alpine Meadow (M332)
	Idaho Batholith (M332A)

	
	
	
	Rocky Mountain Front (M332C)


Table 5. Alpha, beta and gamma diversity for hypothetical species of birds (A-N) in three different ecosystems

See section on “Alpha, Beta and Gamma Diversity” for further explanation. This example is based on the hypothetical example given by Meffe et al., 2002: Table 6.1).

	Hypothetical species
	Woodland habitat
	Hedgerow habitat
	Open field habitat

	A
	X
	
	

	B
	X
	
	

	C
	X
	
	

	D
	X
	
	

	E
	X
	
	

	F
	X
	X
	

	G
	X
	X
	

	H
	X
	X
	

	I
	X
	X
	

	J
	X
	X
	

	K
	
	X
	

	L
	
	X
	X

	M
	
	
	X

	N
	
	
	X

	

	Alpha diversity
	10
	7
	3

	Beta diversity
	Woodland vs. hedgerow: 7
	Hedgerow vs. open field: 8
	Woodland vs. open field: 13

	Gamma diversity
	14


Table 6. The major extinction events 
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Figure 1.

Alpha, Beta, and Gamma Diversity
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Figure adapted from: Meffe et al. 2002. Ecosystem management: adaptive, community-based conservation. Island Press, Washington, D.C., U.S.A.

Alpha-diversity is measured locally, at individual sites/ecosystems (e.g., sites 1 and 2 have ( diversity (1 and (2 . ((( (((
 Beta-diversity measures the total number of species uniquely present at the ecosystems under comparison (the two sites 1 and 2) excluding the species shared by the ecosystems.

Gamma-diversity measures total diversity over all ecosystems under comparison across the region being analysed. 

� Biodiversity: the variety of life on Earth at all its levels, from genes to ecosystems, and the ecological and evolutionary processes that sustain it. 





� Plate tectonics: the forces acting on the large, mobile pieces (or “plates”) of the Earth’s lithosphere (the upper part of the mantle and crust of the Earth where the rocks are rigid compared to those deeper below the Earth’s surface) and the movement of those “plates.”





� Orogenesis: the process of mountain building.





� Genetic diversity: refers to any variation in the nucleotides, genes, chromosomes, or whole genomes of organisms





� Genome:  the entire complement of DNA within the cells or organelles of the organism





� Genotype: the genetic constitution of an organism that results from the arrangement of the DNA into genes on chromosomes.





� Genotypic variation: the variation that exists between the genetic constitution of different individuals.





� Phenotype: the physical constitution of an organism that results from its genetic constitution (genotype) and the action of the environment on the expression of the genes.





� Phenotypic variation: the variation of the physical traits, or phenotypic characters of the organism, such as differences in anatomical, physiological, biochemical, or behavioral characteristics.





� Lithospheric plates: the large, mobile pieces of the Earth’s lithosphere, which is the upper ca. 100 km of the mantle and crust of the Earth where the rocks are rigid compared to those deeper below the Earth’s surface.





� Population: a group of individuals of the same species that share aspects of their demography or genetics more closely with each other than with other groups of individuals of that species.


A population may also be defined as a group of individuals of the same species occupying a defined area at the same time (Hunter, 2002: 144).





� Demography: the statistical characteristics of the population such as size, density, birth and death rates, distribution, and movement or migration








� Metapopulation: a group of different but interlinked populations, with each different population located in its own, discrete patch of habitat. 





� Source: a population patch, in a metapopulation, from which individuals disperse to other population patches or create new ones.





� Sink: a population patch, in a metapopulation, that does not have a high degree of emigration outside its boundaries but, instead, requires net immigration in order to sustain itself.





� Species diversity: the number of different species in a particular area (i.e., species richness) weighted by some measure of abundance such as number of individuals or biomass.





� Species richness: the number of different species in a particular area.





� Species evenness: the relative abundance with which each species is represented in an area.





� Phylogenetic diversity: the evolutionary relatedness of the species present in an area.





� Morphological species concept: species are “the smallest groups that are consistently and persistently distinct, and distinguishable by ordinary means” (Cronquist, 1978). In other words, “a species is a community, or a number of related communities, whose distinctive morphological characters are, in the opinion of a competent systematist, sufficiently definite to entitle it, or them, to a specific name” (Regan, 1926).








� Biological species concept: “a species is a group of interbreeding natural populations that is reproductively isolated from other such groups (Mayr and Ashlock, 1991).





� Phylogenetic species concept: a species “is the smallest diagnosable cluster of individual organisms [that is, the cluster of organisms are identifiably distinct from other clusters] within which there is a parental pattern of ancestry and descent” 


 (Cracraft, 1983).





� Evolutionary significant unit (ESU): a group of organisms that has undergone significant genetic divergence from other groups of the same species. Identification of ESUs requires the use of natural history information, range and distribution data, and results from analyses of morphometrics, cytogenetics, allozymes, and nuclear and mitochondrial DNA (Ryder, 1986). In practice, many ESUs are based on only a subset of these data sources. Nevertheless, it is necessary to compare data from different sources (e.g., analyses of distribution, morphometrics, and DNA) when establishing the status of ESUs. 





� Sympatric: occupying the same geographic area (referring to the distribution of two or more populations).





� Parapatric: occupying contiguous but not overlapping ranges (referring to the distribution of two or more populations).





� Community: the populations of different species that naturally occur and interact in a particular environment.





� Ecosystem: a community plus the physical environment that it occupies at a given time.





� Landscape: a mosaic of heterogeneous land forms, vegetation types, and land uses (Urban et al., 1987).





� Ecoregion:  a relatively large unit of land or water containing a geographically distinct assemblage of species, natural communities, and environmental conditions (WWF, 1999). The ecosystems within an ecoregion have certain distinct characters in common (Bailey, 1998a).





� Biogeography: “the study of the distribution of organisms in space and through time” (Wiley, 1981).





� Historical biogeography: examines past events in the geological history of the Earth and uses these to explain patterns in the spatial and temporal distributions of organisms (usually species or higher taxonomic ranks).





� Allopatric speciation: speciation achieved between populations that are completely geographically separated (their ranges do not overlap or are not contiguous).





� Ecological biogeography: the study of the dispersal of organisms (usually individuals or populations) and the mechanisms that influence this dispersal, and the use of this information to explain the spatial distribution patterns of the organisms.





� Alpha diversity: the diversity within a particular ecosystem; usually expressed by the number of species (i.e., species richness) in that ecosystem.





� Beta diversity: a comparison of diversity between ecosystems, usually measured as the change in species diversity between these ecosystems.





� Gamma diversity: a measure of the overall diversity for the different ecosystems within a region. “Geographic-scale species diversity” according to Hunter (2002: 448).





� Orobiome: a mountainous environment or landscape with its constituent ecosystems.





� Endemic species: those species whose distributions are naturally restricted to a limited area.





� Biodiversity hotspots: in general terms these are areas that have high levels of endemism (and hence diversity) but which are also experiencing a high rate of loss of ecosystems. A terrestrial biodiversity hotspot is an area that has at least 0.5%, or 1,500 of the world’s ca. 300,000 species of green plants (Viridiplantae), and that has lost at least 70% of its primary vegetation (Myers et al., 2000). Marine biodiversity hotspots are based on measurements of relative endemism of multiple taxa (species of corals, snails, lobsters, fishes) within a region and the relative level of threat to that region (Roberts et al., 2002).














� Biodiversity coldspots: areas that have relatively low biological diversity but are also experiencing a high rate of habitat loss.





� Extinction: the complete disappearance of a species from Earth. 





� Extinct: a species is assumed to be extinct when there is no reasonable doubt that the last individual has died (IUCN, 2002).





� Mass extinction: a period when there is a sudden increase in the rate of extinction, such that the rate at least doubles, and the extinctions include representatives from many different taxonomic groups of plants and animals.  
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