Chapter 7


THE EVOLUTION OF BIODIVERSITY
On a scale of millions of years, extinction, adaptation, speciation, climate change, and geological change create different assemblages of species. 

Biodiversity can be studied from the points of view of ecology and evolution. 

· Ecologists focus primarily on factors that operate over short time scales to influence diversity within local habitats or regions.

· The evolution point of view focus more on the long term changes of climate, geology, extinction, speciation, etc. that create different assemblages of species.

ESTIMATING CHANGES IN TAXONOMIC DIVERSITY

ESTIMATES OF DIVERSITY

The simplest expression of diversity is the simple count of species.

Geological periods and stages vary in duration, and more recent geological times are represented by greater volumes and areas of fossiliferous rock.

· Rare species are more likely to be included in larger than smaller samples. The estimated number of species increases with the size of the sample.

The duration of a taxon is measured by determining its first and last appearance in the fossil record, mostly 5 to 6 million years into which each geological period is divided. 

The duration of a taxon is imprecise; the actual times of originating and extinction of a taxon may have occurred earlier and later of the apparent times of origin and extinction.

Our count of living, recent, species is much more complete than our count of past species.

Extant taxa have apparently longer durations and lower extinction rates than they would if they had been recorded only as fossils. 

Diversity seems to increase as we approach the present: Pull of the Recent.

TAXONOMIC DIVERSITY THROUGH THE PHANEROZOIC EON.

The Phanerozoic Eon is the current eon. It began with the Cambrian period at the beginning of the Paleozoic era and extends to the present.

The most complete fossil record has been left by marine animals with hard parts: shells or skeletons. 

Jack Sepkoski (1984, 1993) compiled data on the stratigraphic ranges of more than 4000 marine families and 20,000 genera throughout the 542 Mya of the Phanerozoic. His plot shows…

· Rapid increase in the Cambrian and Ordovician

· A plateau throughout the rest of the Paleozoic

· A steady increase throughout the Mesozoic and Cenozoic. 

· Diversity reaching its peak in the Tertiary. 

· This pattern is interrupted by mass extinctions. 

On land, diversity has also increased.

· Number of families of insects shows a steady increase since the Permian. 

· Flowering plants, birds and mammals have also steadily increased after the mid-Cretaceous. 

RATES OF ORIGINATION AND EXTINCTION

There were episodes when an exceptionally high number of taxa became extinct are called mass extinctions.

Times when the number of extinctions occurs at more gradual rate are referred to as background extinctions.

Biodiversity in marine species has increased during the Mesozoic and Cenozoic due to an increase in originations since the Triassic. 

The rate of origination of new families was highest in animal evolution in the Cambrian and Ordovician, and in the early Triassic after the great Permian extinction.

Five mass extinctions are generally recognized: 

1. Ordovician: ~440 million years ago. 50% of animal families, including many trilobites.

2. Devonian: ~360 million years ago. 30% of animal families, including agnathans and placoderm fishes and many trilobites.

3. Permian: ~240 million years ago. 50% of the marine families, 90% of the marine species. Many trees, amphibians, most brachiopods and bryozoans; all trilobites.

4. Triassic: ~180 million years ago. 35% of the families including many reptiles and ammonoids.

5. Cretaceous: ~65 million years ago. Dinosaurs, many foraminiferans, ammonites. This is called the K/T extinction, which occurred in the Cretaceous-Tertiary boundary.

Extinction rates have declined over time

Studies suggest that the number of families becoming extinct decreases during the Phanerozoic eon.

Taxa with high rate of origination also have a high rate of extinction. 

Extinction is caused by the failure of a species to adapt to changes in its environment. 

When the environment deteriorates, populations become extinct, and the range of the species contracts. 

· Natural selection has no foresight and cannot prepare species for changes in the environment. 

Gilinsky and Bambach (1987) found that the rate of extinction within Orders commonly increased over time, although the origination rate generally declined even faster.

Gilinsky (1994) showed that the rates of origination and extinction are highly correlated. 

· Some clades evolve more families and lost old ones over long periods of time than others. 

· These taxa have shorter life span before they become extinct.

· Families with a longer life span and lower extinction rate remain.

· This results in a decline in the average extinction rate of clades over the long time as long as “highly volatile” clades do not evolve new ones. 

Extinction and origination rates appear to be correlated.

Possible reasons for this correlation are:

· Degree of ecological specialization. Specialized species are likely to be more vulnerable than generalists.

· Population dynamics. Species with low or fluctuating population sizes are susceptible to extinction. Some authors believe that small populations enhance speciation: this idea is controversial.

· Geographic range. Species with broad geographic range tend to have a lower risk of extinction because the entire species is not found in one locality where a localized environmental change would have a great effect. 

A study conducted by Foote (2000) showed that biodiversity:

· Increased when the rate of origination increased.

· Decreased when the rate of extinction increased.

· Extinction had a stronger effect on biodiversity than did origination in the Paleozoic.

· Origination had a stronger effect during the Mesozoic and Cenozoic. 

Do extinction rates change as clades age?

The rates of extinction of taxa in the fossil record can be analyzed by plotting the fraction of the component taxa that survive for different lengths of time, e.g. some of the genera within a family and their age at extinction. 

Van Valen (1973) conducted a study that suggested that the probability of extinction is rather constant over a long period of time.

Studies show that the probability of extinction is roughly constant because organisms are continually assaulted by new environmental changes, each carrying the risk of extinction. 

The rates of extinction do not always remain constant with age, and they have changed throughout the Phanerozoic.

Other studies have suggested that the species within a genus became extinct at a lower rate as the family aged.

If the number of species within a genus increases over time, genera will have lower extinction rates because the genus persists until all its component species become extinct.

As other taxa evolved, the environment of an organism deteriorates and it must constantly evolve to survive. 

Background extinction has declined over time. 

· This may be the result of the increase in the average number of species per family, e.g. a large family will take longer to become extinct than a smaller one. 

· Higher taxa that were more prone to extinction were eliminated early in the Phanerozoic.

Causes of extinctions

Habitat deterioration and destruction is the most frequent cause of extinction. 

When populations become extinct, the geographic range of the species contracts unless former unsuitable habitats become available to the species.

Not all environmental changes cause the population to decline.

Declining populations depend on adaptive genetic changes to survive.

The survival of the population will depend on how rapid is the environmental change relative to the rate at which characters evolve. 

The rate of evolution may depend on the rate at which mutation supplies genetic variation and on population size, because small populations will experience fewer mutations. 

· An environmental change that reduces population size reduces the chances of adapting to it. 

The change in one environmental factor may bring about changes in other factors and the survival of a species may require evolutionary change in several or many features.

· A change in temperature may cause a change in species composition of a community. 

Both biotic and abiotic changes have caused extinctions.

Mass extinctions

Of the five mass extinctions generally recognized, the one at the end of the Permian was the most severe eliminating about 54% of the marine families, 80% of the genera, and 80-90% of the species. 

· On land, several orders of insects became extinct, and the dominant amphibian and therapsids were replaced by new groups of therapsids that eventually gave rise to mammals and dinosaurs. 

The second most severe mass extinction in terms of taxa affected occurred at the end of the Ordovician between 440-450 mya.

· Over 100 families disappeared. 

The end of the Cretaceous extinction, K/T, eliminated the dinosaurs except for birds; it occurred about 65 mya.

http://park.org/Canada/Museum/extinction/extincmenu.html
Causes of mass extinctions

Most paleontologists agree that the cause of the K/T extinction was the impact of an asteroid. 

· The Chicxulub crater, off the coast of Yucatan is the prime suspect.

· Proposed by Alvarez et al.

Some scientists think that there were other causes because the extinction of various taxa was too spread out in time to be caused by one catastrophe. 

Several causes have been proposed for the extinction at the end of the Permian.

· Volcanic eruption that produced the Siberian Traps.

· The eruptions caused a global warming that depleted the oceans of oxygen by altering oceanic currents.

· Global warming may have caused the release of large amount of methane that further enhanced warming in a positive feedback spiral. 

The concept of periodicity has important implications for determining which factors cause extinction. Hypotheses invoking catastrophism have particularly been advanced utilizing this concept, which imply extra-terrestrial forces as extinction-causing agents. This is because only astronomical forces are known to operate on such a precise periodic time schedule. Contrary to catastrophism are hypotheses, which focus on gradualism. These gradualistic hypotheses invoke various terrestrial extinction mechanisms including volcanism, glaciation, global climatic change, and changes in sea level. Most recently hypotheses centered on the new non-linear science of complexity have emerged. Under these hypotheses species-species interactions lead to occasional instability resulting in cascades which may ripple through entire ecosystems, with potentially devastating results.

http://park.org/Canada/Museum/extinction/patterns.html

Extinctions exerted a selective pressure by eliminating some taxa and allowing others to survive.

Species of gastropods with wide range and ecological distribution, and genera with many species survived better. 

Extinctions appear to have been random with respect to other characteristics such as mode of feeding.

The same pattern appears to be the same in periods of background extinctions.

These characteristics correlated with survival seem to be different from those that allowed survival at the end of the Cretaceous. 

· Physical and environmental conditions were probably very different after mass extinctions than before. 

· This appears to be the reason for the diversification of some taxa after the extinction, and the slow dwindling of other taxa.

According to Stephen J. Gould, there are tiers of evolutionary change that must be understood in order to comprehend the full history of evolution. 

1. Microevolutionary change within the population and species.

2. Differential proliferation and extinction of species during normal geological times, which affect the relative diversity of lineages.

3. The shaping of the biota by mass extinctions, which can eliminate diverse taxa and reset the stage for new evolutionary radiations, initiating evolutionary histories that are largely decoupled from earlier ones. 

The extinction of one group permitted the flourishing of others allowing the emergence of new community structures. 

No massive mass extinction has occurred in the last 65 million years.

The course of biodiversity has been altered for the foreseeable future by human domination of the Earth.

DIVERSIFICATION

Modeling rates of change in diversity
The rate of change in diversity depends on the rates at which taxa originate and become extinct. 

The number of taxa, N, changes over time by origination and extinction. 

These events are analogous to the births or deaths of individual organisms in a population. 

Models of population growth can be adapted to describe changes in taxonomic diversity. 

· N = the number of taxa.

· S  = the number of originations per original taxon in the time interval.

· E  = the number of extinctions per original taxon in the time interval. 

· ΔN = the change in N; equals the number of “births” (SN) minus the number of “deaths” (EN).

· Δt = the time interval.

· SN = ΔN, the change in N due to births (speciation).

· EN = ΔN, the change in N due to deaths (extinction). 

The diversification rate is the rate of change in diversity. It is calculated by the formula below. 

ΔN  = SN - EN 

or 
ΔN  = RN 
Δt



Δt

Where R is the per capita rate of increase, R = S-E.

R is the difference between the per capita rate of speciation and the per capita rate of extinction.

· Per capita means the number of species produced or eliminated per unit of time

If R > 1 the growth number of taxa is positive. 

A population grows in a time interval beginning at t0 and ending at t1.  This is calculated by multiplying the original size of the population, N0, by the per capita rate of increase, R.

N1 = N0R
If S and E remain constant, then the population will be at the end of the next interval…


N2 = N1R = N0R2
In general, after t time intervals, the number of taxa will be:  Nt = N0Rt
For continuous growth rather than growth in discrete intervals: 

Population size at various times during exponential growth can be projected with the formula: 

Nt = Noert

Nt = number at time t 







No = number at time 0


            e  = base of natural log, 2.71828...



            t  = period of time being studied


            r = biotic potential or instantaneous per capita rate of increase; the rate of change

     at a particular moment.
Exponential growth rate: 

dN  = rN       N = number of individuals;  

 dt
        r = biotic potential
or instantaneous per capita rate of increase. 


        t = time

Exponential growth is not realistic. No population can grow indefinitely.

There are limitations presented by the environment (food, space, etc), and competition for available resources increases. These are called density-dependent factors.
Increased density eventually increases mortality, decreases fecundity, and causes emigration.

Logistic growth or sigmoid growth is exponential at first then growth begins to slow down until it reaches zero, when births balance deaths.

· Slow, fast, slow, zero growth.

· Environmental resistance modifies growth.

· S-shaped curve.

· It represents how populations respond to density.

· The biotic potential and size of the population modified by the environmental resistance determine the growth rate.

Environmental resistance refers to the limitations placed on the biotic potential due to unfavorable environmental conditions, e.g. overcrowded, predation.

Carrying capacity is the maximum number of individuals an area can support, K. The density of organisms is in equilibrium with the source supply, the environment.

Paleobiologists have suggested that changes in the number of species or higher taxa may similarly be affected by diversity-dependent factors that might reduce the origination rates or increase extinction rates as the number species increases. 

· Competition among species for resources may limit the number of species to some maximum number, K.

Undercrowding can be detrimental to a population since cooperation between members may be necessary.

dN = rN  (K - N)        N = number of individuals;  
dN  =  instantaneous rate of change

 dt
  K                r = biotic potential

 
dt


        t  = time



        K= carrying capacity

(K - N)   it is a measure of the environmental resistance or the effect of crowding.

   K
  this represents the opportunity for further population growth.

· As the population grows, this unutilized opportunity declines.

· This expression slows population growth.

· When N is small, K - N/K is close to 1.

· As N increases and approaches K, the value of the expression decreases towards 0.

· If N > K, then dN/dt is negative and the population N decreases toward K.

· Logistic growth curve is theoretical. It is a mathematical model of how populations grow under favorable conditions.

· Natural populations although they appear to grow logistically, they rarely do.

· Some reasons for this difference: age structure may not be stable, immigration or emigration, birth and death rate changed.

The increase in numbers, ΔN, declines as N increases and (K – N) goes toward zero.  
                            Δt 

At equilibrium ΔN  = 0, N = K.

                         Δt
The major factors that have promoted diversification are:

· Release from competition (one competitor is removed then the other is “released”, no more 

competition).

· Ecological divergence.

· Coevolution.

· Provinciality (the restriction of the range to a specific region).

DOES SPECIES DIVERSITY REACH EQUILIBRIUM?
The question whether or not the number of coexisting species tends toward equilibrium remains unresolved.

· The space and energy organisms compete for is finite. 

· Interaction between species tend to limit species diversity, e.g. as suggested by competitive exclusion

The fossil record shows that the per capita rate of increase in the number of species or higher taxa is lowered as the number grows.  See the explanation of the logistic curve above.
A system may shift from one equilibrium state to another when conditions change. 

At least three kinds of changes have altered conditions for organisms:

1. Changes in the physical environments, e.g. climatic changes.

2. The taxa that became dominant after a mass extinction were different from those that prevailed before, and would attain different equilibrium level of diversity because of new patterns of competition, predation, etc.

3. Taxa have evolved to use new resources and habitats, changing the overall number of species that the planet can support.

Release from competition

The rate of originating new taxa has been much greater at times when diversity was unusually low: the Cambrian and after mass extinctions. 

Lineages diversify rapidly when they are presented with vacant niches.

· E.g. Adaptive radiation of cichlid fishes in the Great Lakes of Africa; the finches in the Galapagos, and the honeycreepers of Hawaii.

Competition may play the important role. There are two hypotheses:

1. Competitive displacement: the younger group caused the extinction of the older group.

2. Incumbent replacement: the extinction of the older taxon allowed the younger taxon to radiate. 

Both seem to have played a role. 

How competition has affected diversity remains controversial.

A pattern of replacement is consistent with competitive displacement.

Competitive displacement requires that:

· The two taxa lived in the same locality at the same time.

· Competed for the same resources.

· The older taxon was not decimated by an extinction event.

· The diversity and abundance of the younger taxon increased as the older taxon decreased.

· It probably rarely occurred.

Incumbent replacement 

· Probably more common.

· The radiation of groups only after the older taxa had disappeared.

· Extinction and radiation occurred in different places and times. 

· All these support the release from competition. 

Ecological Divergence

Key adaptation: an adaptation that allows an organism to occupy a new ecological niche, often by using a novel resource or habitat. 

· It implies the diversification of the group.

· Air or swim bladder of fish allowed the occupation of land.

An adaptive zone is a set of ecological niches occupied by a group of species, a higher taxon. 

· Insectivorous and fruit-eating nocturnal bats occupy different adaptive zones.

· Insectivorous bats that are nocturnal occupy an adaptive zone different from that of diurnal bats.  

· It includes all nocturnal bats that belong to different genera and families but belong to the same order, Chiroptera. 

· It represents an ecological pathway along which a taxon evolves. 

· At the species level is the same as the fundamental niche.

A set of adaptive zones is called an ecological space.

Expansion into new habitats and feeding habits accounts for the diversification of most families of tetrapod vertebrates, such as frogs, snakes and birds. 

Applying the method of Replicated Sister-Group Comparison gives support to the hypothesis that moving into new, underutilized niches increases diversification.

Involves the comparison of sister clades that retain the ancestral character with those that have new adaptation. 

· E. g. herbivorous beetles are more diverse than their sister taxa that retain the ancestral character of feeding on detritus, fungi or animals. 

· Phylogenetic studies have to identify the ancestral and the evolved characters.

The partitioning of ecological niches has contributed to the diversification of species. 

Related species reduce competition by subtle differences in resource utilization – occupation of microhabitats, e.g. warblers feeding at different levels on the same tree. 

Provinciality

The division of biota among geographic regions is called provinciality.

A faunal or floral province is a region containing high number of distinctive, localized taxa.  See Chapter 6.

A trend from a cosmopolitan distribution of taxa to more localized distributions has persisted throughout much of the Mesozoic and Cenozoic.

· After the Permian extinction, paleontologists recognized only one worldwide province of marine organisms. They were all cosmopolitan. 

· The number of provinces increased during the Jurassic, Cretaceous and Triassic. The marine organisms were distributed among an increasing number of latitudinally arranged provinces in both the Atlantic and the Pacific

The separation of the landmasses during the Mesozoic and Cenozoic over a greater latitudinal variation has increased the diversity of habitats and climatic conditions. 

· Landmasses spread almost from pole to pole developing greater latitudinal variation in land climate.

· Two disjunct oceans were created: the Atlantic and the Indo-Pacific Oceans.

· Fragmentation of landmasses prevented the interchange of species and increased isolation.

Other influences on diversification

Interaction among species affect changes in diversity that are not fully analyzed and understood, e.g. predators.

The increase in the number of species in a clade almost surely results in an increase in affiliated species such as mutualists and parasites.

Changes in climate have been associated with changes in the distribution of habitats and vegetation types, which in turn have facilitated major changes in the distributions taxa, often leading to diversification.

Changes in the rates of origination and extinction of mammals during the Tertiary are not closely correlated with changes in temperature, although some of the temperature changes match a decline diversity. 

The importance of climate change in the evolution of diversity, relative to other factors such as key innovations and biotic interactions, is not yet well known. 

Phylogenetic analyses of diversity trends

It is possible to make inferences about the rate of increase in the number species in a lade from a molecular phylogeny of living species.

Some sister taxa show different diversification rate correlated with a key adaptation, e.g. herbivorous beetles are more diverse than their sister taxa that retain the ancestral character of feeding on detritus, fungi or animals.

McPeek and Brown (2007) compiled date from molecular phylogenies of 163 groups of animals and found that, in general, species richness is correlated not with diversification rate but with the age of the clade.

In conclusion: differences among taxa in species richness are attributable…

· To different rates of diversification 

· To the age of the clade.

