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Foreword

The word biodiversity, an abbreviation of biological diversity, emerged first as a purely 
scientific term in the late 1980s, but became the key term of an international environ-
mental law signed at the Rio Earth Summit in 1992.

Biodiversity, defined as “the variety of life on earth, including all genes, species and 
ecosystems and the ecological processes of which they are part“ has continued to grow 
as and has become one of the key buzzwords of the 1990s, even making the front cover 
of National Geographic in February 1999.

But the definition creates a problem for students of biodiversity. How does one become 
an expert on an estimated 5-10 million species, each comprising diverse populations 
of maybe billions of individuals, each containing up to 50,000 genes and interacting 
in ecological communities of maybe 10,000 species per hectare, some of which have 
persisted for thousands of years and some of which are newly created and rapidly 
evolving? Anyone claiming to be a biodiversity expert is in danger of being a “jack of all 
trades, master of none”

Yet it is vitally important for the future health of the planet that we build a generation of 
biodiversity experts and more importantly, biodiversity advocates, who will study, pub-
lish, lobby and campaign for the right of life forms, other than humans, to continue to 
coexist with us on the planet of their birth.

To study something as broad as biodiversity, it is important to have some kind of “mental 
map” or framework, within which to position or file so much information. Looking back 
over 20 years of slowly accumulating knowledge of biodiversity, I now realize how im-
portant it is to have some kind of organizational structure to allow one to file and retrieve 
so many interacting facets of biodiversity information.

There is no single prescription for such a mental map – each of us has to develop our 
own, specifically suited to our own particular predilections within the totality of biodiver-
sity. No one sees the world, or biodiversity in the same way. For example, to an elephant 
biologist, dung may be a waste product, or perhaps the only practical way to estimate 
forest elephant populations. To an insect ecologist, dung is the habitat for a myriad of 
dung beetles and other insects. To a natural resource manager, the same dung may be 
a source of sustainable revenue as fertilizer or even for paper-making.

A primer on biodiversity is therefore an important, and useful, entry point in to a fasci-
nating and endless sphere of study – but writing one is a hard challenge, requiring the 
author to be a total biodiversity expert, able to reduce vast amounts of information to 
less than 100 pages.

Dr Dan Cogălniceanu has taken on that challenge, summarizing his own personal jour-
ney into, and through the biodiversity literature jungle, and cutting a path for the rest of 
us to follow. If we follow his path, we will not only learn something about most aspects 



of biodiversity, but also find branching points (references) to enable us to strike out on 
our own paths into areas which a short primer cannot touch.

The future of biodiversity on this planet depends on us following these paths, recogni-
zing the beauty of biodiversity, and becoming activists for its right to coexist with huma-
nity.

Dr. David Duthie

United Nations Environment Programme, Nairobi, Kenya.

August 2002



Preface

There is an increasingly growing literature on biodiversity and it seems that everything 
worth mentioning was already done, at least for now. Nevertheless, I will try in this book 
to carve myself a small niche, focusing on aspects related to species diversity. The con-
cept of biodiversity is too broad in coverage and tends to become empty of content, dif-
ficult to perceive and understand by most people. On the other hand, species diversity 
is clearly defined and I consider it to be the best approach for understanding the major 
topics related to biodiversity. Although not always referring to it, the ultimate goal is the 
conservation and sustainable use of the different components of biodiversity. Without 
this goal in mind everything would be futile.

It is extremely hard to compete with the excellent books already published on the topic, 
but within the variety of terms, concepts and contradicting views a rearrangement might 
prove useful. I am myself a newcomer in the field of biodiversity, attracted by a small 
component of it, amphibians (i.e. frogs, toads, salamanders and newts), that I dedicated 
most of my work until now. Because of my fondness for amphibians I deserted bioche-
mistry for ecology and conservation and never regretted it, partly due to the fact that I 
was guided on this new path by several wonderful persons and scientists: Dr. Ion Fuhn, 
Dr. Doc. Petru Bănărescu and Prof. Dr. Doc. Nicolae Botnariuc. They played a major 
part in my formation, but should not be held responsible for my mistakes.

The book was written while I lectured at Fachhochschule Eberswalde, at the Internati-
onal Forestry and Ecosystem Management programme, during 2001-2002, on a DAAD 
grant. I am extremely grateful to the DAAD who provided me with the motivation for 
embarking on this work. My colleagues and friends in Eberswalde made my stay extre-
mely pleasant and helped me get over the difficult moments. Most of all I am grateful to 
Michael Mussong, Astrid Schilling, Oskar Dietterlich and Thorsten Mrosek. My students 
at the University of Bucharest, University Ovidius Constanţa and at Fachhochschule 
Eberswalde provided the motivation needed for persisting in this field.

Many people helped me while writing this book, most of all David Duthie, without whom, 
the book would be much worse than it is. Dorel Ruşti and Dana Ghioca also provided 
helpful comments on parts of the book, while Robert Whittaker, Fred Grassle, Manuela 
Zamfir, Alistair Crame, Alain Dubois, Dan Manoleli, Dorel Ruşti and Benjamin Piña pro-
vided some of the needed literature. Danielle Vorreiter checked my English.

I tried in this book to introduce the reader to the concept of biodiversity the way I see 
and understand it at present. Biodiversity is extremely dynamic in time and space and I 
expect my own views and opinions to change in time. Nothing is perennial, especially in 
this field. Rosenzweig (1995) wrote: “Clear writing brings a grave danger. People may 
begin to understand you! Then they will probably disagree with you.” It is a nice thought 
that the reader might disagree with me because of my clear writing. 

Dan Cogălniceanu
Bucharest, 2007
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1. Biodiversity – an introduction

1.1 Origins of the concept
Our society is facing huge problems at an unprecedented scale: poverty, depletion of 
vital resources, extensive environmental destruction, emergence of new diseases, wars 
and famine. These major challenges to our well-being and even survival, despite being 
apparently unrelated, are all the result of our unfair, unsustainable way of life. History 
offers many examples of human societies that made major changes to their environ-
ment. They had to adapt to the changes they made by altering the patterns of their 
societies, or disappear. This has happened in every historical period and in every part of 
the inhabited Earth (Hughes, 2001). At present, we are facing the challenge of adapting 
on a global scale. A different approach in the way we perceive and exploit the natural 
resources and the way we share them is required. This adaptive process is extremely 
complex and needs a radical change in our life-style and beliefs. The Western view of 
humanity’s place in nature is dominated by a dualistic opposition between nature and 
culture (Haila, 2000). Most religions made us believe that we are a superior species 
with special privileges (e.g. “So God created man in his own image”, Old Testament, 
Genesis 1:27). Even Darwinism supports the idea that humans are the result of a long 
process of selection that allowed only the survival of the fittest. These ideas have been 
most often (mis)interpreted as humans being the most evolved species with special 
rights and power over the rest of the species inhabiting the planet. We must realize that 
we are just part of a larger, life-supporting system, the ecosphere, and that we cannot 
survive outside of it. The sustainable use of natural resources, development that will 
no longer be harmful to the environment is the only possible solution. In our quest for 
reaching a sustainable way of life, biodiversity management and conservation arose as 
the major tools for reaching this goal. 

Biodiversity made the headlines throughout most of the last decade, developing into a 
matter of high concern in most of the world. From a subject with little impact, of interest 
only to environmentalists and to parts of the scientific community, it rose to a high pu-
blicity issue. So what does biodiversity mean? Most people, especially biologists, are 
inclined to agree that it is, in one sense, everything. But since ‘everything’ is a bit too 
abstract, difficult to measure and to quantify, let’s try to see how it can be defined and 
described in a measurable way.

The word biodiversity is a contraction of biological diversity. It was first used during the 
National Forum on BioDiversity held in Washington in 1986. The proceedings of the 
forum were published two years later under the title BioDiversity, and were later cited, 
most often inaccurately, as Biodiversity (Wilson, 1997). By 1992, at the United Nations 
Conference on Environment and Development in Rio de Janeiro, biodiversity became 
a major issue of concern worldwide. The Convention on Biological Diversity (CBD) was 
signed by 168 countries. Presently there are over 180 Parties through ratification after 
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signature or accession (i.e. ratification without signature). There are three main objecti-
ves of the CBD: conservation of biodiversity, sustainable use of biodiversity, and the fair 
and equitable sharing of benefits arising from its utilization. Thus the key to maintaining 
biological diversity depends upon using it in a sustainable manner. More than a decade 
has now passed since the signing of the CBD and its entry into force (December 1993), 
and biodiversity is still a ‘hot topic’, drawing the attention not only of ecologists and bio-
logists, but also economists, lawyers and politicians. This huge, unexpected ‘success’ 
of the term biodiversity is a result of our failure to manage and preserve our natural 
resources, most often focused only on species diversity. Biodiversity was the political 
response, bringing a more comprehensive approach in dealing with natural resources 
management and conservation issues. Perhaps the most important contribution made 
by ‘biodiversity’, is that it provides a basis for influencing the political process, and en-
courages those involved in conservation to look more seriously at the major aspects of 
concern (McNeely, 1998). In policy discussions, biodiversity covers a huge and hetero-
geneous array of topics, scales and questions.

Figure 1.1 The hierarchical structure of the different components of biodiversity. The 
biological systems hierarchy is composed of at least five levels, ranging from individuals 
to the biosphere. Species diversity includes both the taxonomic hierarchy and the 
biological systems hierarchy (adapted from Botnariuc, 1992).
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1.2 Components of biodiversity
Diversity is a concept that refers to the range of variation or differences among some 
set of entities, being a measure of its heterogeneity. Biological diversity is the result of 
evolutionary processes during geological periods that generated the entire variety of 
biological and ecological systems, allowing the existence of life in a multitude of forms. 
Since biodiversity includes entities with varying degrees of complexity and different 
time-space scales it has a hierarchical structure. It includes the variety of components 
of the ecosphere, of the entire hierarchy of the biological and ecological systems (Fi-
gure 1.1). The hierarchy of biological systems covers several levels, starting with the 
individual and all the inclusive categories, representing increasingly complex forms of 
grouping individuals. Thus, individuals belonging to a species exist within a population. 
Populations within a habitat form a biocoenose. All the individuals inhabiting Earth are 
part of the biosphere.

The most often cited and used definition of biodiversity is that given in the Convention 
on Biological Diversity (Article 2): ‘Biological diversity’ means the variability among living 
organisms from all sources, including, inter alia, terrestrial, marine and other aquatic 
systems and the ecological complexes of which they are part; this includes diversity 
within species, between species and of ecosystems. Apart from the legal definition, the-
re is a wide variety of definitions of biodiversity, as reviewed by DeLong (1996). Some 
of the current definitions of biodiversity are presented in Table 1.1

Three main components are thus defined: genetic diversity (within species), species 
diversity, and ecosystem diversity. A fourth component is sometimes added, the eth-
no-cultural or human diversity. Several dozen definitions are in use (Table 1.1). The 

Box 1.1 Phyletic diversity measurement

An interesting method of measuring the phyletic diversity of a subset of taxa was pro-
posed by Faith (1995), as the sum of the lengths of the branches found along the path 
down the tree connecting all taxa in the subset, which assesses the amount of evolu-
tion accounted for. Thus, the phyletic diversity of all five taxa A-E equals the length of 
branches (A-E)= a+b+c+d+e+f+g+h+i, while for A, B and C (A-C)= a+b+c+g+h+i.



4

topic is further complicated since there is a variety of other terms referring to biological 
diversity that appear in the scientific literature, most of them as synonyms or measures 
of the three major components. For example, genetic diversity is sometimes measured 
or quantified as biochemical diversity. Species diversity is often estimated at higher ta-
xonomic levels as taxic diversity, defined as a measure of the number of species, their 
taxonomic position and the different contributions that species makes. It can also be 
measured as the diversity of species within trophic levels (referred as trophic diversity), 
taxonomic groups, or even according to the size or growth form. Another frequently 
used measure of species diversity is taxonomic or phyletic diversity, which is a measure 
of the diversity of higher taxa within a group of species. Another measure of species 
diversity, focused not on sheer number (structure) but on the functions performed is 
functional diversity, which is defined in two different ways, either as the diversity of the 
ecological functions performed by different species, or as the diversity of species perfor-
ming a given ecological function. Last, ecosystem diversity is sometimes referred to as 
system diversity, ecological diversity or habitat diversity (van der Maarel, 1997).

A biodiversity approach not only links species conservation with habitat and genetic 
conservation, but also addresses the political, social and economic factors involved. 
Due to its wide coverage, biodiversity cannot be directly studied as a whole, only at 
different levels of complexity (genes, species, ecosystems). Species are the most use-
ful component in the study of biodiversity, since they represent its best reflection, are 
discrete entities, and there is at least a relative consensus regarding their definition 
and identification. Also the number of species can be (at least in theory) estimated at 
different spatial scales. Species are also good indicators of environmental stress, some 
of them provide key roles in the provision of ecological services and last but not least, 
individual species are the units of interest to people. There are also several drawbacks 
when focusing on species diversity since there is still no universal definition of species 
and the criteria used for describing species varies between higher taxa. Nevertheless, 
species diversity remains the major component of biodiversity on which most scientific, 
public and political issues focus. In this book, I will focus on species diversity and try to 
cover the most important aspects related to it.

Table 1.1 The diversity of definitions of biodiversity.

Biological diversity refers to the variety and variability among living organisms and the 
ecological complexes in which they occur. Diversity can be defined as the number of 
different items and their relative frequency. For biological diversity these items are orga-
nized at many levels, ranging from complete ecosystems to the chemical structures that 
are the molecular basis of heredity. Thus, the term encompasses different ecosystems, 
species, genes, and their relative abundance. (OTA, 1987)
Biodiversity is the variety of the world’s organisms, including their genetic diversity and 
the assemblages they form. It is the blanket term for the natural biological wealth that 
undergirds human life and well-being. The breadths of the concept reflect the interrelat-
edness of genes, species and ecosystems. (Reid and Miller, 1989)
Biological diversity encompasses all species of plants, animals and microorganisms 
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and the ecosystems and ecological processes of which they are part. It is an umbrella 
term for the degree of nature’s variety, including both the number and frequency of eco-
systems, species or genes in a given assemblage. (McNeely et al., 1990)
The genetic, taxonomic and ecosystem variety in living organisms of a given area, en-
vironment, ecosystem or the whole planet. (McAllister, 1991)
Biological diversity refers to the full range of variety and variability within and among liv-
ing organisms, their associations and habitat-oriented ecological complexes. The term 
encompasses ecosystem, species and landscape, as well as intraspecific (genetic) lev-
els of diversity. (Fiedler and Jain, 1992)
The structural and functional variety of life forms at genetic, population, species, com-
munity, and ecosystem levels. (Sandlund et al., 1992)
The variety of living organisms considered at all levels, from genetics through species, 
to higher taxonomic levels, and including the variety of habitats and ecosystems. (Meffe 
and Carroll, 1994)
Biodiversity is a state or attribute of a site or area and specifically refers to the variety 
within and among living organisms, assemblages of living organisms, biotic communi-
ties, and biotic processes, whether naturally occurring or modified by humans. Biodiver-
sity can be measured in terms of genetic diversity and the identity and number of differ-
ent types of species, assemblages of species, biotic communities and biotic processes 
and the amount (e.g., abundance, biomass, cover, rate) and structure of each. It can 
be observed and measured at any spatial scale ranging from microsites and habitat 
patches to the entire biosphere. (DeLong, 1996)
Biodiversity refers to the variety and variability among living organisms and the ecologi-
cal complexes in which they occur. Diversity can be defined as the number of different 
items and their relative frequencies. For biological diversity, these items are organized 
at many levels, ranging from complete ecosystems to the biochemical structures that 
are the molecular basis of heredity. Thus, the term encompasses different ecosystems, 
species, and genes. (EPA, 1997)
The variety of organisms considered at all levels, from genetic variants belonging to the 
same species through arrays of species to arrays of genera, families, and still higher 
taxonomic levels; includes the variety of ecosystems, which comprise both the com-
munities of organisms within particular habitats and the physical conditions under which 
they live. (Wilson, 2001)
Biodiversity refers to species, genetic, and ecosystem diversity in an area, sometimes 
including associated abiotic components such as landscape features, drainage sys-
tems, and climate. (Swingland, 2001)
Biodiversity is synonymous with species richness and relative species abundance in 
space and time. Species richness is simply the total number of species in a defined 
space at a given time, and relative species abundance refers to their commonness or 
rarity. (Hubbell, 2001)
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1.3 What is a species?
Species are the basic unit of classification, consisting of a population or series of popu-
lations of closely related and similar individuals that freely interbreed with one another in 
natural conditions but not with members of other species. Species also have a historical 
continuity; they have existed in the past and unless they become extinct, will continue 
to exist in the future. They can be viewed as a channel transmitting genetic information 
in time through the component individuals.

Species are real, well-defined biological systems but nevertheless they are parado-
xical entities. They are torn apart between the need to preserve their identity and tra-
vel through time without alteration (conservative), and the permanent changes due to 
mutations and recombinations (evolution) which cancel their initial identity (Botnariuc, 
1992). There are several mechanisms and processes that operate at different levels 
of complexity and allow for their dual nature. At the genetic level, the redundancy of 
genetic information (i.e. double strand of DNA, double number of chromosomes in most 
species, complete genetic information within each cell of metazoans), the various DNA 
reparatory systems, and the semi-conservative mechanisms of multiplication/replication 
converge to the unaltered transfer in time of the genetic information. The opposing pro-
cesses are mutations and recombinations, induced by a variety of factors that affect all 
levels of complexity of genetic information (codon, gene, chromosome, and genome). 
At the population level, panmixia (i.e. the random breeding among individuals within a 
population) is mitigated by a wide variety of mostly behavioral reproductive barriers that 
limit its importance. Dispersal, as a process that maintains cohesion among the popula-
tions belonging to a species, is often limited. Thus, species appear to be contradicting, 
unstable systems navigating between metastable phases.

1.4 Time-space scales in the study of biodiversity
Species are historical units, the result of continuous selective and adaptive processes. 
The footprint of this historical evolution is stored in the genotype. Species are not only 
following certain patterns of distribution in time but also in space, occupying ranges that 
vary in size between tens of square meters to millions of square kilometres. Present day 
biodiversity is the result of almost four billion years of dynamic evolution, during which 
the Earth suffered major changes, with entire continents rising and disappearing and bil-
lions of species that appeared and then became extinct in time. Natural changes are still 
taking place, but human influences are becoming dominant in major parts of the world. It 
is difficult to study and understand the complex patterns and mechanisms behind these 
dynamic processes, but certain general rules must be followed. Perhaps the first and 
most important is a correct scaling of the domain of interest, in both time and space. 

Biodiversity has a many-fold importance to us, from local to global scales. Different pro-
cesses operate at different time-space scales. It is therefore extremely important when 
attempting to study and understand the dynamic changes within the different compon-
ents of biodiversity, to confine to a certain time-space domain.
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The rising of the concept of scale in ecology has received increasing attention lately. 
Schneider (2001) reviews how the concept of scale became a central concern in ecolo-
gy. The problem of scale arose because the major, pressing problems in ecology take 
place at scales of tens and hundreds of years, on areas that are millions of square kilo-
meters large. Patterns measured at small spatial and temporal scales are often not valid 
at larger scales, nor do processes dominant at small scales necessarily prevail at larger 
scales. We are trying to address problems at larger scales by studying them locally, and 
frequently we are getting wrong or biased answers when up-scaling. To cope with the 
present biodiversity crisis we have to understand the time-space scale and the different 
patterns and processes operating within each domain (Table 1.2). With a correct under-
standing of scaling we can start asking pertinent questions and limit the validity of the 
answers obtained within their range of applicability (Figure 1.2). 

Figure 1.2 The size and generation time for different species along a logarithmic 
scale: (a) the protozoan; (b) aquatic water flee; (c) bee; (d) fly; (e) snail; (f) mouse; 
(g) rat; (h) fox; (l) deer; (j) rhinoceros; (k) whale; (l) birch tree; (m) pine tree (after 
Jørgensen and Svirezhev, 2004).
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1.5 Genesis of biodiversity
Before discussing the dynamic chances in biodiversity at different time and spatial sca-
les, a brief outline of how life developed on Earth is needed. Present-day biodiversity 
is the result of almost four billion years of evolution marked by innovative solutions and 
rapid forward leaps followed by long periods of stagnation. It all started about 4.5 billion 
years ago with the formation of planet Earth, a part separated from the sun, boiling at 
huge temperatures. In time it started to cool, allowing the formation of the atmosphere, 
then the lithosphere (the solid surface crust) and once the temperature dropped below 
1000C, the hydrosphere. At that time, everything was different from present, the oceans 
were very acidic and the atmosphere consisted mainly of carbon dioxide. The first living 
organisms appeared in the ocean about 3.5-4.0 billion years ago. They were bacteria 
like, lacking organelles and nucleus (prokaryotes), feeding on the organic compounds 
dissolved in water. Soon, i.e. more than 3 billion years ago, there was not enough food 
for all of them. Then, some turned towards a better source of energy, plentiful and un-
ending, the solar radiation and started transforming and storing it as chemical energy 
through photosynthesis. Photosynthesis allowed the organisms to thrive on this huge 
source of energy, but also had a side effect that in time completely restructured the 
planet. During photosynthesis, water molecules are decomposed to use the hydrogen 
and the dangerous, extremely reactive compound previously bound to it, oxygen, is 
released as a gas. Introducing oxygen into the Earth’s atmosphere was of major impor-
tance. It provided a fuel that would allow the evolution of more complex organisms with 
higher energy demands, but also represented a new source of toxins (Abele, 2002). 
Oxygen has the ability to form incompletely reduced reactive species which are highly 
potent, oxidants. They combine with a variety of substances and disrupt vital processes 
within an organism not provided with defense mechanisms. In time, oxygen accumula-
ted in both water and air, and about two billion years ago, at less than 0.3% of its present 
concentration (Botnariuc, 1999), it was toxic enough and could not be ignored anymore. 
Instead of building further defenses against oxygen’s toxicity, most living organisms 
started using its reactivity to further break down organic compounds and use more 
of the chemical energy stored, a process called respiration. A similar approach was 
used towards another highly toxic compound widespread in the environment, calcium, 
which was bound and inactivated and then stored within the body in special formations. 
Organisms started to make better and better use of calcium by constructing elaborate 
exoskeletons and later on endoskeletons, which eventually provided for most of the 
fossil record. 

The more efficient oxygen-burning cells grew faster and in time, started to include other 
cells within their own membrane, cells that became specialized either in photosynthesis 
(plastids), or respiration (mitochondria), a process named endosymbiosis. A primary 
function of mitochondria may have been to compartmentalize respiration, thus protec-
ting the cell from the dangerous side-effects of oxygen metabolism (Abele, 2002). This 
is how the first eukaryotic organisms were formed about 1.8 billion years ago (Margulis, 
1992). About 1.1 billion years ago, the simple asexual reproductive strategies were re-
placed with a more complicated process, derived from the DNA repairing mechanisms, 
named sexuality (Margulis and Sagan, 1986). After a couple of hundred million years, 
the first metazoans (i.e. multicellular) algae were recorded from the fossil record, follo-
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wed around 600 million years ago, by the first invertebrate metazoans (Schopf, 1994). 
Then a burst in speciation occurred, with new and innovative plans of organization ari-
sing, and with a huge diversity of phyla emerging. The most important and impressive 
burst of speciation occurred at the beginning of the Cambrian. This process can be 
divided in three different stages (Philippe and Adonette, 1996). The initial Precambrian 
fauna, most probably diploblastic (i.e. having body parts derived from two layers during 
embryologic development) appeared during 570-555 million years ago, and by the early 
Cambrian (about 540 million years ago), most organisms were already triploblasts (i.e. 
having body parts derived from three layers during embryologic development), followed 
by the explosive diversification of this fauna in the middle Cambrian (about 520 million 
years ago). Thus, it appears that the major diversification of metazoans into more than 
the 35 extant phyla, since several lineages were later eliminated, may have occurred 
in less than 20 million years. The first primitive fish, animals with internal skeletons (i.e. 
vertebrates), appeared about 500 million years ago. Then a huge increase in species 
diversity occurred by growing command of the Earth’s environment. Plants were alrea-
dy producing large amounts of oxygen, so its concentration in the atmosphere reached 
a concentration similar to the present-day one. When at high altitude in the atmosphere, 
the oxygen molecule (O2), consisting of two oxygen atoms, can be broken apart by 
the high-energy content of ultraviolet (UV) radiation. The resulting oxygen radicals are 
extremely reactive and can combine with an oxygen molecule generating a compound 
called ozone (O3). Ozone can absorb UV radiation and in time, the large quantities of 
ozone accumulated in the higher strata of the atmosphere, tens of km above the sur-
face, created a shield against the harmful effects of this radiation. Until then, life forms 
existed only in water, which could shield them from UV radiation. Land was a barren, 
scorched, desert-like structure, deprived of any life forms. Thus organisms managed to 
alter the world to better suit their needs.

About 440 million years ago, the first plants, followed by invertebrates and vertebrates, 
started colonizing the land that was safe then from UV radiation. It was not an easy task 
since water is 775 times denser than air and aquatic organisms have adapted by having 
a specific gravity just slightly higher. They needed no supporting tissues or supporting 
organs, which are used, when present, only to assist in movement. On the other hand, 
movement in water requires more energy than in air (Dobson and Frid, 1998). Further-
more, life on land was controlled from the very beginning by a vital, limiting resource, 
which was water. Colonizing organisms, deserting the aquatic environment, had to ad-
apt and limit water losses by insulating their external parts, by developing storing forma-
tions and by reducing water needs and consumption. The harsh terrestrial environment 
put a tremendous pressure on the organisms that attempted to colonize and adapt to 
it. There was nevertheless a powerful motivation to do it, since the slow fusion of con-
tinents into a single land mass (Pangaea) reduced severely the length of coastline and 
coastal habitat availability. Not all marine phyla attempted or succeeded in doing so. It 
is also estimated that oxygen levels in the Devonian and Carboniferous periods were 
much higher than now, reaching almost 35% compared to the present level of 20%. This 
allowed animals to grow much larger and quicker than now (Officer and Page, 1993).

Although now there are more terrestrial than aquatic species, the complexity of life 
forms is lower on land. The most successful group that developed on land in an enor-
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mous variety of similar forms is the insect. Plants had to develop huge skeletons consis-
ting of cellulose and lignin to fight gravity, and had to adapt to the limited water supply 
by developing a pumping system in their roots that could send water, sometimes tens 
of meters high, against the gravity pull. The large amount of organic matter stored in 
woody structures was mostly unavailable to usual grazers and herbivores, and accumu-
lated in enormous quantities, partly contributing to the formation of soils, while others in 
time transformed into coal. In this way, huge amounts of carbon dioxide were pumped 
from the atmosphere and caused a decrease of the greenhouse effect, inducing the first 
biotic-driven climatic changes. At this stage, all the surface of the planet was already 
covered by life forms, generating the newest layer called the biosphere. Then, about 
200 million years ago, plate tectonics accounted for the steep rise in diversity. This was 
due to fragmentation of the Earth caused by the break-up of Pangaea, the only super-
continent existing, and the rise of the sea level (Briggs, 2005). This formed a variety of 
terrestrial and aquatic biogeographical barriers that effectively isolated previously con-
nected populations and thus increased the rate of speciation. Last but not least, during 
the last several thousand years humans have drastically modified the environment, 
severely depleting species diversity.

The present-day biodiversity is the result of a long process of evolution that we have just 
started to understand. In the next chapter, I will try to summarize in the next chapters 
some of the major processes responsible for the dynamics of species diversity.
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2. Species diversity

2.1 How big was Noah’s Ark?
The enormous diversity of life forms has long intrigued humans, but few attempts to 
perform an inventory were done before the 18th century. The Swedish botanist Linné 
first proposed in 1758 the binary system of classification of living organisms that is still 
in use, and since, the number of species described has steadily increased over time 
(Figure 2.1). It is generally agreed that of the 1.7-1.8 million species described until now, 
only about 1.4 million are valid species (Figure 2.2), but estimates of the total number of 
species vary between a conservative figure of three million and over 100 million (Table 
2.1). What is remarkable is that over the past 3-4 billion years, this enormous diversity 
of species appears to have evolved from just several ancestral species.

Table 2.1 The described and estimated number of species (modified from Savage, 1995 
and Groombridge, 1992).

Taxon Number of  
species described

Estimated number  
of species

Proportion of  
described species (%)

Microorganisms
Algae
Bacteria
Fungi
Protozoa

Plants
Lichens
Mosses and ferns
Higher plants

Animals
Nematods
Annelids
Molluscs
Echinoderms
Crustaceans
Arachnids
Insects
Fish
Amphibians
Reptiles
Birds
Mammals

40,000
4,000

70,000
40,000

17,000
17,000

250,000

15,000
12,000
70,000

6,200
40,000
75,000

950,000
20,000

4,500
6,400
9,100
4,000

350,000
3,000,000
1,500,000

100,000

34,000 - 56,000
35,000

300,000 - 500,000

500,000 - 1,000,000
50,000

200,000
10,000

200,000
750,000 - 1,000,000

8 - 100 millions
40,000

6,000
7,500
9,500
4,100

11
0.1

5
40

30 - 50
48.5

50 - 83

1.5 - 3
24
35
62
20

7.5 - 10
1 - 12

50
75
85
96

97.5
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Figure 2.1 The increase in the number of species described starting with Linné (1758) 
until present (from Cogălniceanu, 1999).

Figure 2.2 Valid and invalid scientific names published for water-frogs of the subgenus 
Rana (Pelophylax) from 1758 to 1994 (data from Table 1 in Dubois and Ohler, 1994).
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Insects represent more than half of the known species; therefore, most of the estimates 
of the total number of species are based on this group. Perhaps the most cited, praised, 
and criticized estimate of the actual number of species at over 30 million, is due to the 
American entomologist Erwin. In Panama, he collected in the canopy of 19 trees be-
longing to a single species, Luehea seemannii, 7,735 beetles (Coleoptera) belonging 
to 1,143 species. He then attempted to estimate the number of host-specific species 
(Table 2.2). Based on this estimate, the result is that for each tree species there are 163 
host-specific beetles (Erwin, 1982). He then proceeded with the following arguments:
1. Since there are 50,000 tree species in the world and if each has 163 host- specific 

beetles, then there are 50,000 x 163 = 8,150,000 coleopteran species associated 
with tree canopy.

2. Since the known species of beetles represent about 40% of the total number of arth-
ropods, then there are 8,150,000 x 100/40 = 20,375,000 species of arthropods living 
in tree canopies.

3. If at ground level, the number of species is half of that in the canopy, then the total 
number of arthropod species is 20,375,000 + 20,375,000/2 = 30,562,500.

Table 2.2 The data used for estimating the number of arthropod species world-wide 
(Erwin, 1982).

Trophic level Number of species
Percentage of 
host-specific  

species

Estimated number 
of host-specific 

species
Herbivores 682 20 136
Predators 296 5 15

Detritivores 96 5 5
Fungivores 69 10 7

Total 1,143 163 (14%)

The assumptions made by Erwin provided an agenda for research and subsequently, 
all of his assumptions were tested. The extrapolation might or might not be correct, and 
Erwin’s assumptions were repeatedly criticized (e.g. Stork, 1997, Novotny et al., 2002), 
but the fact remains that 1143 species of beetles were collected from just 19 trees. More 
sampling might double, triple or even further multiply Erwin’s number of found species 
but never reduce this number. This is hard data and an excellent proof of the huge di-
versity of life forms. Rosenzweig (1995) states that ”it is not really important if better esti-
mates show that Erwin’s estimate of 30 million is off by a factor of five. Noah may have 
needed to know the exact truth, but the rest of us will simply have to admit that there 
are more insects than we can keep track of.” Erwin’s estimate was repeatedly used to 
show how little we know the global species diversity and also to indicate the threat of 
extinction due to forest loss. The figure of 30 million species has become a political tool, 
and until better estimates become available we should accept it despite its limits.

A very recent study (Novotny et al., 2002) suggests that Erwin grossly overestimated ar-
thropod diversity. By analyzing over 900 herbivorous insect species feeding on 51 plant 
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species in New Guinea, low host specificity was found. When inserting this lower value 
in Erwin’s calculations, the global estimate of arthropod diversity becomes 4-6 million 
species. This new estimate is comparable to other similar studies and, even more im-
portant, is in agreement with estimates based on the analysis of regional faunas and the 
evaluation of museum collections by taxonomists, reconciling the disparate results of 
ecological and taxonomic approaches to the estimation of global species richness.

The gaps in the inventory of species richness exist because identifying and counting 
species is not an easy task. There are several major difficulties related to the study of 
species diversity (Bouchet, 2000):
1. Perhaps the major impediment is the absence of a central database. There are seve-

ral good databases for most vertebrate groups, but very few, if any, global databases 
for the vast majority of invertebrates. It is thus not justified to complain that we are 
“data-rich but information-poor”, it is just a lack of access to existing information. 
Museum collections are for the majority of taxa insufficient, especially for tropical 
areas that are ‘species-rich but collection-poor’ (Struebing, 1998). What adds to this 
is that major zoological and botanical collections are located in just several countries 
(e.g. USA, UK, Australia, Netherlands, France), making it difficult for local specialists 
in tropical countries to access them. A series of recent initiatives provides hope by 
attempting to bring taxonomy on-line. One project called the Catalogue of Life is 
taking firm steps to establish a federation of interoperable databases documenting 
the world’s taxonomic knowledge. Another initiative, the All Species Foundation, is 
even talking about naming and describing all living species within a single human 
generation (www.all-species.org). The latest initiative of all, the Global Biodiversity 
Information Facility (www.gbif.org), will develop an interoperable network of biodi-
versity databases and information technology tools that will enable users to navigate 
and put to use the world’s vast quantities of biodiversity information to produce nati-
onal economic, environmental and social benefits (Gewin, 2002). This will also help 
in the repatriation of biodiversity data to developing countries, reducing the existing 
gaps in knowledge between countries. The extensive use of information technology 
acts as a bridge between information providers (i.e. holders of biological collections) 
and users, offering a rapid overview of the data and information available, preven-
ting duplication of research effort, identifying gaps in knowledge, and increasing the 
value of collections (see http://www.bgbm.org/TDWG/acc/Software.htm for a list of 
initiatives).

2. Species description is not based on the same criteria. A species is a genetically and 
ecologically functional biological system, but it is not identified and described based 
on these criteria. Without an acceptable universal species concept, the problem ari-
ses on the units used to measure the number of species: morphospecies, operatio-
nal taxonomic units or recognizable taxonomic units.

3. There is confusion concerning the number of valid and invalid species. About half 
of all described species are known from just a single collecting locality. The current 
synonymy is estimated at about 20% for insects, but is much higher for well-studied 
groups like mollusks (38%) and even higher for butterflies (>56%). Comparably, the 
species diversity in North American fossil mammal species is considered to be infla-
ted by 32-44% (Alroy, 2002).
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4. There is an even greater confusion between the number of described and the num-
ber of estimated species. 

5. Today, there are at most 10,000 taxonomists worldwide, few of whom are in the 
biodiversity-rich, developing countries (Gewin, 2002). This explains the slow rate of 
species inventory, with only about 15,000 new species described each year. Another 
possible explanation for the slow rate of description is the relative high cost (estima-
ted at €1,800) and required paperwork (Bank, 2001).

6. There are huge differences in the degree of knowledge between countries and taxo-
nomic categories, the least known being in biodiversity-rich countries and species-
rich taxa.

Box 2.1 Barcoding the diversity of life

Since coping with the huge and apparently endless diversity of species seems like 
an impossible task, an alternative method was proposed based on sequencing short, 
standardized gene regions. The process was named “barcoding”. By connecting ad-
vances in electronics and genetics, it allows quick and relatively cheap identification 
of known species and speed discovery of the millions of species yet to be named. 
Barcoding will make the Linnaean taxonomic system more accessible, with benefits 
to ecologists, conservationists and other users of biodiversity (Hebert and Gregory, 
2005). The development of this method still requires clarification of several issues. 
One is how DNA data will be used into the taxonomic context, and the second is how 
the taxonomic community will react to the directives of the DNA barcoding initiative. 
This issue is extremely important since the classical taxonomic and DNA approaches 
should be reconciled before further proceeding with barcoding (DeSalle et al., 2005). 
Although still controversial, there are certain recognized benefits of DNA barcoding: 
(a) it enables identification of species, including any life stage or even tissue fragment, 
(b) it facilitates species discoveries, (c) the technique can be applied in the field of 
biodiversity inventories, and (d) it provides insight into the diversity of life (Savolainen 
et al., 2005).



17

2.2 Species concepts
Species are still described and classified according to the rules established by the Swe-
dish botanist Carl von Linné in his 1758 “Systema Naturae” milestone book. While still 
universally accepted, this classification system is facing more and more criticism. The 
species problem is the long-standing failure of biologists to agree on how to identify 
and define species (Hey, 2001). There is a total disagreement between taxonomists 
about the adequate concept to be used in describing a species. The first definition of 
a species was proposed by Mayr (1942). The Biological Species Concept defines a 
species as a population or series of populations that freely interbreed with one another 
under natural conditions but not with members of other species. This species concept 
is thus limited to organisms reproducing sexually. More than 20 concepts are currently 
discussed, of which several are in use (see Heywood, 1995 for a complete presentation 
of the species concepts, or Mayden, 1997, and de Queiroz, 1998 for critical reviews). 
Most of the species described until now were identified based either on morphological 
or anatomical differences. For decades, the Biological Species Concept (Mayr, 1942) 
was widely used. It defines a biological species as a reproductive unit, i.e. a population 
or group of populations whose members have a potential to interbreed and produce fer-
tile offspring. There is however, a general tendency to abandon this concept because of 
its lack of practicability. Among the existing concepts, two seem to be widely applicable 
and are good candidates for the much needed universal species concept: the Phene-
tic or Polythetic Species Concept (Hull, 1997) and the Evolutionary Species Concept 
(Mayden, 1997). While both concepts can be used quite successfully for eukaryotes, 
they have no practical significance for prokaryotes when we refer to the current state of 
knowledge. It is very difficult to compare species concepts for prokaryotes and eukary-
otes, and basically the criteria of what constitutes a species are different for example, 
between vertebrates and bacteria. Roselló-Mora and Amann (2001) have proposed a 
species concept for prokaryotes, referred to as the Phylo-phenetic Species Concept, 
but its utility for eukaryotes is extremely limited.

The problem of identifying species correctly is caused by two conflicting motives: the 
drive to devise and sort in categories, and the more recent wish to recognize and under-
stand evolutionary groups (Hey, 2001). Overall, until we agree on a universal species 
concept that would be applicable to all groups of living organisms, comparisons among 
the different higher taxa could be quite biased, since the species described are not ex-
actly comparable units. Also, we cannot expect this concept to be equally applicable to 
fossil clades, so when analyzing time-series data, we must be equally cautious.

2.3 The terrestrial and marine realms
Species diversity is unevenly distributed among terrestrial and marine habitats, each 
presenting different patterns (Table 2.3). For example, marine habitats have the lowest 
relative species richness when compared to terrestrial and freshwater habitats (Table 
2.4). The ocean covers 70% of the surface of the Earth and represents 99% of the in-
habitable volume, but out of the 1.7 million species described, it is estimated that only 
about 250,000 are marine (about 15%). This can partly be explained by the almost total 
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absence of insects in the ocean. Another pattern that makes comparisons difficult is the 
biomass ratio which is strongly biased in favor of terrestrial habitats (about 1:200) since 
over 90% of terrestrial biomass is stocked as slow degrading cellulose and lignin within 
higher plants as support structures (O’Neill, 1985). The differences between marine 
and terrestrial realms do not stop there. Relative richness pattern is not replicated at 
higher taxonomic levels. All known phyla except for one (i.e. 35 out of 36) are present 
in the sea, while only 11 phyla, of which just one is endemic, occur on land (Grassle et 
al, 1991). Of the 35 marine phyla, only 11 are present in coastal waters, the majority 
being associated with the benthic area that is the oldest inhabited habitat type (Gray, 
1997). Life appeared in the ocean almost four billion years ago and not all life forms 
attempted or succeeded in colonizing the land when this became possible less than 450 
million years ago due to the formation of the ozone shield. Most of the species diversity 
on land, dominated by insects, is just a variation of several phyla, whereas only a small 
number of surviving species within the ocean represent unique evolutionary lineages. 
The rates of speciation also differ between marine and terrestrial systems, being almost 
two orders of magnitude slower in the ocean (Haszprunar, 1998). It is worth mentioning 
that there are no serious estimates of marine species richness, although frequently the 
range varies between 5-50 million species (Haszprunar, 1998). Most marine environ-
ments have a cryptic nature. The level of sampling of the deep-sea bottom fauna is em-
barrassingly small. A decade ago, it was represented by only about 2,000 quantitative 
cores, covering an estimated area of just 500 m2 (Gaston and Spicer, 1998). This must 
be kept in mind when we are making comparisons and inferring patterns. Haszprunar 
(1998) cut short the topic of marine species richness by stating that “... in light of the 
fact that less than 3,000 new marine species a year are described by all scientists world-
wide, it is rather unimportant whether the actual number of marine species is 5 million 
or 50 million”.

Table 2.3 A comparison between marine and terrestrial systems.

Parameter Marine Terrestrial
Area (%) 70 30
Inhabitable volume (%) 99 1
Total biomass (ratio) 1 200
Number of species described (ratio) 1 6
Number of phyla described (ratio) 3 1
Age of life forms (billion years) 3.5 0.5

2.4 Speciation
Why is it important to study and understand speciation? Why are there so many new 
studies focused on this process (de Queiroz, 1998, Barraclough and Nei, 2001, Benton 
and Pearson, 2001, Butlin and Ritchie, 2001, Johannesson, 2001, Levin, 2001, Schlu-
ter, 2001, Via, 2001), when apparently we should focus on other, more practical issues? 
Species are factories for other species, the more species the more opportunities for new 
ones to arise. Understanding how speciation works and what modes have higher rates 
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(i.e. produce more species) will help us elucidate the diversity of the patterns we see. 
We do not have experimental proofs of speciation, but there is an increasing deductive 
and conjectural body of evidence that supports one or another of the proposed ways of 
speciation (e.g. the high number of endemic species on islands can easily be explained 
by geographic speciation). At a time when the number of species on Earth is declining at 
an unprecedented rate since the late Cretaceous extinction, we cannot underestimate 
the need to understand the evolutionary processes generating species richness. We 
need a better understanding of these processes since speciation and extinction do not 
affect all species equally. In order to occur, speciation needs at least two conditions: 
enough time and space. Recently it was suggested that speciation might also occur 
rapidly and at local scales, most likely involving a few local populations or a metapopu-
lation (Levin, 2001).

2.5 Patterns of speciation
Speciation is the dynamic process through which new species come into being (Figure 
2.3). The key to speciation is achieving reproductive isolation, i.e. developing barriers to 
reproduction between populations previously interbreeding that maintain them geneti-
cally isolated. The process of speciation can be reversed by interbreeding following the 
destruction of reproductive barriers. It is difficult to describe and understand the process 
of speciation in the absence of a widely applicable definition of species, but despite the 
potential for misinterpretation and confusion, speciation can be studied and understood 
using a variety of data, ranging from fossil records, to molecular and ecological data. 
The process of species formation can be represented diagrammatically as a single line 
or trunk splitting into two (Figure 2.4). Despite some lack of agreement between scien-
tists concerning the different patterns of speciation, there are two generally acceptable 
patterns (Table 2.5), one focused on geographic range (allopatric speciation) and the 
other focused on mechanisms of divergence (sympatric speciation). 

2.5.1 Geographical (allopatric) speciation
It is the classical model of speciation on which the Biological Species Concept (BSC) 
is based. The BSC was defined by Mayr (1942): “species are groups of actually or 
potentially interbreeding natural populations that are reproductively isolated from other 
such groups”. It is very slow in time and needs an extrinsic barrier (geographic barrier) 
to gene flow. It is influenced by environmental variables but only after geographic isola-
tion takes place. It is also called random speciation because it generates high species 
redundancy (Rosenzweig, 1990).

There are four main stages in geographic speciation (Rosenzweig, 1995). First, a geo-
graphical barrier restricts gene flow within a sexually reproducing population. Then, the 
isolated populations evolve separately for a period. If given enough time, they evolve 
in separate ways to be called different species. Finally, often the barrier breaks down 
and the previously isolated populations can overlap again, but they do not interbreed 
anymore or have little reproductive success i.e. they became reproductively isolated 
(Figure 2.5).
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Figure 2.4 Speciation is 
equivalent to the entire 
set of events which are 
the basis for different 
species criteria (SCi). It is 
nevertheless bounded by 
the first and last events 
in that set. The initial 
separation of the ancestral 
lineage may be caused 
by an extrinsic or intrinsic 
barrier (redrawn after de 
Queiroz, 1998).

Figure 2.3 The different 
patterns of speciation. 
Cladogenesis occurs when 
an ancestral lineage is 
split into several surviving 
lineages, each sufficiently 
different to warrant status 
as separate species. 
Anagenesis refers to new 
species that arise through 
changes in time so that 
ancestors and descendants 
are sufficiently different to 
be considered separate 
species. Adaptive 
radiation is a burst of 
microevolutionary activity 
that results in the formation 
of new species in a wide 
range of habitats.
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Box 2.2 Barriers 

Barriers represent obstacles to the dispersal of living organisms. A barrier acts as a 
filter that allows only some species or groups of individuals to pass. Barriers can be 
classified according to different criteria:
1. Origin:

a. Biological barriers are caused by the presence of predators, parasites, or pa-
thogens.

b. Physical barriers (geographic or climatic) are more complex, ranging from a 
spring to a sea or an ocean, from an isthmus to a continent.

2. Form:
a. Sharp barriers, represented by mechanical obstacles like high mountains or 

rivers.
b. Discrete barriers are usually climatic and present increasing difficulty for disper-

sal with distance.

3. Permeability:
a. Absolute barriers which do not allow any dispersal.
b. Relative barriers which allow selective dispersal.

The concept of barrier is relative. For example, the Panama Isthmus was formed about 
five million years ago and connected the two Americas, ending the isolation of terrest-
rial fauna caused by the existence of a sea barrier. On the other hand its formation 
separated the fauna of the Atlantic and Pacific Oceans.
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If geographic speciation is widespread, we would expect to find high species diversity 
where isolation opportunities are high. There are several observed patterns that support 
the concept of geographic speciation. First, the slope of the species-area curve among 
separate biogeographical regions is much steeper than within regions (Rosenzweig, 
1995) (see also chapter 3.2.3). Second, there is a high level of endemism on islands 
and in freshwater systems (which are themselves ‘islands’ of water surrounded by land), 
both being ecological systems well isolated by geographic barriers. While any given 
area that is highly fragmented and allows for little dispersal within a lake or river basin 
has fewer species than a comparable area of coral reef, each isolated lake or river 
system tends to have its own distinctive fauna with a substantial number of endemic 
species. Freshwater systems make only a tiny fraction of global aquatic systems, but 
almost half of the world’s fish species live in them. Even if each isolated freshwater ha-
bitat has a lower number of species than an equal area of marine habitat, when added 
up, they grossly surpass marine habitats in species richness (Table 2.4).

Figure 2.5 The different 
stages of geographic 
speciation. The initial 
habitat occupied by a 
species is separated by 
a geographical barrier. 
The two resulting habitats 
are isolated and their 
populations evolve 
separately in time until 
one transforms into a 
new species. After the 
geographical barrier 
disappears, the two 
species are reproductively 
isolated. 
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Table 2.4 Species richness by major habitat type (from McAllister et al., 1997).

Habitat type Habitat extent  
(%)

Known species1  

(%)
Relative species 

richness2

Freshwater 0.8 2.4 3
Terrestrial 28.4 77.5 2.7
Marine 70.8 14.7 0.2

1 Sum does not add to 100% because 5.3% of known symbiotic species are excluded.
2 Calculated as the ratio between the percentage of species known and the percentage of the area 
occupied by the ecosystem.

2.5.2 Sympatric speciation
Sympatric speciation occurs when an intrinsic barrier to gene flow develops within the 
species range, requiring no spatial separation. Several modes of speciation have been 
described or suggested, of which the two most important are presented below, poly-
ploidy speciation and competitive speciation.

2.5.2.1 Polyploidy speciation
It is a very rapid mode of speciation, almost instantaneous, independent of environmen-
tal conditions. There are two possible mechanisms responsible for it: polyploidization 
and hybridization.

Polyploidization occurs if at sometime during meiosis diploid gametes (2n) are pro-
duced instead of haploid ones (1n), and if by chance two of these combine. The result 
is a new species with more chromosomes than either of its parents. Since each chro-
mosome of the new species has a meiotic partner, these can pair during meiosis and 
produce normal gametes. The newly generated species is reproductively isolated from 
the parental species due to genetic incompatibilities. Sometimes the diploid gamete can 
combine with a normal haploid one, forming a triploid individual (3n). Considering the 
parental source of gametes, polyploidy can be either autopolyploidy or allopolyploidy. 
Autopolyploidy occurs when both diploid gametes come from the same parental spe-
cies. Then the newly formed species is at least tetraploid (4n). Allopolyploidy occurs 
when the diploid gametes come from different species. This case is a particular form of 
hybridization.

Polyploid species are often larger than the original parent type and also more resistant 
and vigorous. The process of polyploidization has a significant positive feedback where 
the more polyploids, the faster the new polyploid species will be formed. Polyploidy is 
considered to have played an important role in the evolution of both plants and animals. 
Even in our own distant ancestry, two polyploidy events were suggested since verte-
brates first evolved (Ohno, 1999). It is widespread in plants, especially in species that 
self-fertilize, and thus the first polyploid does not need a mate. It is estimated that about 
43% of dicotyledons, 58% of monocotyledons, and the majority of ferns are polyploid 
species. Two patterns of polyploid species distribution were described. Throughout the 
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world, it increases from tropical areas toward the poles and varies in plants between a 
minimum of 18.9% in the Ivory Coast (Africa) and 85.9% in Peary Land (north of Green-
land) (Rosenzweig, 1995). A recent Arctic flora survey showed that about 50% of the 
often clonal or selfing species are polyploids. In the Spitsbergen archipelago 78% of 
species are polyploidy, with the average level of ploidy being hexaploid (Mallet, 2007). 
Also, the number of polyploid species of mountainous areas increases with increasing 
altitude. This rise in polyploidy in plants with altitude and latitude suggests different 
patterns of speciation. In order to achieve an ‘optimal’, or threshold number of species, 
species richness can be rapidly increased in this way. Polyploidization is rarer in ani-
mals and limited to only a few taxa. 

Box 2.3 Allopolyploid speciation in Spartina anglica

The salt marsh grass, Spartina anglica originated on the south coast of England at the 
end of the nineteenth century. It resulted from the hybridization between the native S. 
maritima and the introduced North American S. alterniflora. The resulting sterile hybrid 
reproduced vegetatively until the genomes of individual plants doubled by autopoly-
ploidy. The newly formed fertile sexually reproducing tetraploid species S. anglica is 
now widespread and highly successful along the English coast (Bush, 2001). The te-
traploid species carries a full complement of chromosomes from both parental species 
and can produce normal gametes.

Hybridization is a rather regular event. The proportion of species that hybridize is va-
riable, but on average around 10% of animal and 25% of plant species are known to 
hybridize with at least one other species. Hybridization is especially prevalent in rapidly 
radiating groups: 75% of British ducks for example (Mallet, 2007). Speciation through 
hybridization was described in a variety of animal taxa, even within vertebrates (fish, 
amphibians and reptiles), although not as common as in plants. 

2.5.2.2 Competitive speciation 
Competition between existing species can promote evolutionary diversification through 
ecological character displacement, thus producing species and driving their subsequent 
evolutionary divergence. This mode of speciation is heavily dependent on environmen-
tal conditions but does not require geographic isolation. It is for this reason that compe-
titive speciation is sometimes referred to as sympatric speciation (Bush, 2001) or, more 
often, as ecological speciation. It relies heavily on environmental selective pressures 
and is a likely outcome of competition for resources (Dieckmann and Doebeli, 1999). 
In order to avoid intraspecific competition, different phenotypes tend to specialize on 
different resources, while the intermediate types are lost. It most often happens with 
the expansion of a species from a single ecological opportunity (i.e. type of resource 
exploited) to a previously unexploited one, followed by the species sympatric break-up 
into two daughter species, one using the original resource and the other the newly ex-
ploited one. The driving force of this process is intraspecific competition and the most 
probable mechanism that can explain it is disruptive selection, which is the separation 
of a unimodal phenotypic distribution into a bimodal one because the mode becomes 
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unfit. It is probably caused by the selection of different phenotypes controlled by one 
gene and elimination of intermediates. The factors that induce this type of selection are 
predation, positive assortative mating, (i.e. when different phenotypes positively choose 
to mate with their own kind), or habitat selection.

There are several well-documented examples that support this mode of speciation. 
Schliewen et al. (1994) showed in a molecular phylogenetic study that two endemic 
cichlid fish species-flocks from two small volcanic lakes in Cameroon were related to the 
river species. This, together with a variety of ecological and behavioral observations, 
suggests that each flock evolved within each lake after a single colonization experiment. 
The importance of habitat and resource shifts in the speciation process is exemplified 
in the case of recent host race formation and speciation in the fruit-fly genus Rhagoletis 
(Bush and Smith, 1998). As in other phytophagous insects, mating in these flies occurs 
on the host plant, primarily on the host fruit on which adults fed, the eggs are deposited 
and larvae develop. The North American fruit-fly Rhagoletis pomonella used the fruits 
of several hawthorn species (Crataegus) as plant hosts. After apple trees (Malus pu-
mila) were introduced by Europeans, the fruit-flies started colonizing them. Since the 
two plant species differ in their timing of fruit bearing, in areas where both hosts occur 
apple and hawthorn populations form genetically distinguishable host races. Thus the 
fruit-flies became reproductively isolated when adapting to using either one or the other 
of the host plants. In about 150 years, the apple and hawthorn populations diverged 
in several genetically-based traits (e.g. metamorphosis time of the adults in summer, 
host recognition and acceptance) and showed strong frequency differences in alleles 
at several loci coding for proteins. Now the apple tree and hawthorn races behave as 
semispecies (Bush, 1969, 2001).

Table 2.5 Comparative properties of the different modes of speciation.

Mode of  
speciation

Relationship 
between rates of 
speciation and 
existing species 
diversity

Rate of 
speciation

Dependence on  
environmental  
variables

Frequency of 
occurrence

Geographical 
speciation

Direct and  
positive Slow

Only after ge-
ographical iso-
lation

High and com-
mon in all taxa

Polyploidization Positive Instant-
aneous No

High in some 
taxa, mainly 
plants, absent 
in other

Competitive 
speciation Negative Fast Very strong Rare

It was suggested that competitive speciation may be responsible for most rapid (quan-
tum) speciation events during geological periods by responding to short-term, relatively 
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uncommon episodes of ecological opportunities. It is also called non-random speciation 
because it tends to fill an ecological vacuum rapidly, as opposed to geographic specia-
tion.

2.6 Extinction
Extinction is considered one of the most serious conservation issues. Understanding 
how extinction works is thus vital for our management of biodiversity. Present-day global 
species diversity is the result of a prolonged, dynamic evolutionary process, characteri-
zed by an overall slightly higher rate of speciation compared to extinction (Figure 2.6). 
The turnover of species since life appeared on Earth was extremely high. For example, 
Raup (1993) estimated that extant species represent just about 0.1% of the species 
that ever existed, while the rest of 99.9% became extinct over time. May (1995) gives 
a different estimate of the proportion of extant species that is between 2-5%. Whatever 
the correct value, extinction was a major process in the evolution of life on Earth. After 
all, the lifespan of animal species ranges from values in the order of 105 years in land 
vertebrates to 106-107 years in marine species (Levinton, 2001). As Rosenzweig (1995) 
wrote: “Extinction is not extraordinary. It is as certain as gravity.” Since the death of any 
living organism on Earth is certain, so is the disappearance of the higher categories 
consisting of individuals (i.e. populations, species, and higher taxa). The only difference 
between the time to death of an individual and the time to extinction of a population, 
species or higher taxa, is just a matter of scale.

Extinction should not be considered a catastrophic event, as frequently presented in 
the media and some publications. In its absence, species diversity would increase at an 
exponential rate and, at a certain stage, saturation in species would occur and evolution 
and speciation would stop. The alternative to extinction is stagnation. Although extinc-
tion eliminates species and entire lineages from the evolutionary arena, it also creates 
space for new adaptive innovations (Figure 2.7). The largest mass extinctions produced 

Figure 2.6 The 
interaction between 
the two opposing 
processes speciation 
and extinction can be 
best described based 
on the equilibrium 
theory of insular 
biogeography. The 
number of species 
inhabiting a large 
area is at equilibrium 
as the result of 
the intersection of 
the speciation and 
extinction rates 
(Rosenzweig, 1995).
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major restructuring of the biosphere, eliminating some successful groups, but allowing 
previously minor groups to expand and diversify, having a profound influence on the 
future course of evolution, sometimes constructive and sometimes destructive (Raup, 
1994). If we are now the dominant species on Earth it is probably also due to the fact 
that dinosaurs were completely eliminated 65 million years ago, and thus allowed for a 
then obscure group of small animals, mammals, to develop. 

The classical explanation of the causes of extinction focuses on the pressure due to 
population interactions, mainly predation and competition that would selectively elimi-
nate less competitive, unfit taxa. Recent hypotheses suggest that extinction might be a 
largely random, unselective process. Many taxa become extinct because of ‘accidents’, 
i.e. they disappear for no predictable reason. As Raup (1993) states, they disappear 
because of ‘bad luck’ and not because of ‘bad genes’. During geological periods many 
successful taxa have died out without apparent cause. Some of them were caused by 
catastrophes which have a major influence on the probability of extinction. Earth is not 
such a friendly place to be as we usually imagine. Evolution on Earth during the past bil-
lion years has been driven by small-scale incremental forces, such as sexual selection, 
on a background of large-scale disruptions like plate tectonics, global climate shifts and 
even extraterrestrial asteroids. Asteroids collide frequently with the Earth but usually do 
not hit the ground as a single body and are destroyed by the atmosphere. These small 
objects can still produce considerable damage, such as occurred near Tunguska, in 
Siberia, in 1908. Based on satellite records of asteroid detonations in the atmosphere, 
it was estimated that Tunguska-like events occur about once every 1,000 years (Brown 
et al., 2002).

Many of the extinctions recorded in the fossil record are of species or large groups of 
species that were ecologically tolerant and abundant in all parts of the world. The likely 
causes of extinction of these successful species are stresses that were not experienced 

Figure 2.7 Species 
richness with and 
without extinction. In 
the case extinction 
is accounted for, the 
number of surviving 
species is lower than 
without extinction, 
when all lineages 
would be present. 
Surviving species are 
marked with *.
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on time-scales long enough for natural selection to react (Raup, 1994). Some species 
are more accident-prone than others, mainly if they have few individuals and/or small 
ranges. However, there are many other possible causes, and it is very important to try 
to identify them since knowing them could help reduce the present rate of extinction 
and increase the success of species conservation. The footprint of extinction and of the 
way it operates can be uncovered by focusing on morpho-anatomical diversity within 
higher taxa on longer time-scales. If extinction is selective, it can have a high impact 
on morpho-anatomical diversity. At similar rates, random extinctions allow the survival 
of a higher morpho-anatomical diversity and provide for more diverse future options in 
evolution (Roy and Foote, 1997).

Species do not become extinct instantly but most often over large periods of time, du-
ring which both the number of individuals and the distribution range decrease constant-
ly. There are several terms used to describe this decrease in number, biomass and/or 
range. One is “functional extinction”, when the individuals of a species are so reduced 
in number that they no longer fulfill their role within the ecosystem. The second refers 
to human-driven extinctions by overexploitation and is termed “economic extinction”. It 
refers to a species with economic value that has reached such a low number of indivi-
duals that it cannot be exploited anymore.

Since species are strongly interconnected, the disappearance of one species can cause 
the extinction of other species as well. When a host species becomes extinct, there is a 
high risk that its host-specific parasites or commensals will disappear as well. Species 
co-extinction is a proof of the complex relationships existing in ecosystems (Koh et al., 
2004).

Speciation and extinction are reflected together in the extant number of species. Se-
lection acts on this species pool, affecting both the longevity of a species and its ability 
to split into new, different species. Understanding these processes and estimating the 
rates at which they occur is crucial for maintaining the present species diversity on 
Earth.

2.7 Dispersal
All species are capable of moving in at least one of their life stages. This ability allows 
them to feed, reproduce and colonize new habitats. Dispersal refers to the capacity of 
individuals to move away from their parent sources. This allows discontinuous habitats 
to be coupled by the movement of organisms (Schindler and Scheuerell, 2002). At the 
population level, it includes both emigration (i.e. individuals leaving the population) and 
immigration (i.e. individuals entering the population). Studying and analyzing dispersal 
is of major importance in understanding the forces affecting local, regional and global 
patterns of species diversity. Assemblages of coexisting species are formed by immig-
ration from a regional pool of colonists and shaped by interactions among species and 
with the physical environment at the local level.

Dispersal is a highly variable and dynamic process. It can be triggered by two different 
processes. One is dispersal for colonization, when a species occupies a new area that 
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has the necessary resources, is not rendered uninhabitable by the presence of compe-
titors, predators, parasites or pathogens, and is not separated by a geographical barrier 
(see Box 2.2). The other process is the dispersal for survival that is triggered by environ-
mental changes, either gradual or sudden, which in order to avoid requires adaptation 
(not always possible on short term) or displacement. 

The value and importance of dispersal varies according to the complexity of the biolo-
gical system involved. At the individual level, dispersal is important for retaining inter-
population coherence. Isolated populations that receive no immigrants evolve indepen-
dently and in time can form new species (see chapter 2.5.1). At the population level, 
dispersal allows the colonization of new habitats and the formation of new populations. 
At the community level, dispersal allows the colonization of new biogeographical pro-
vinces. For example, after the retreat of glaciers, the freshly released land surface was 
rapidly colonized by organisms from glacial refugees.

The unit of dispersal is called a disseminule and is represented by any part or stage in 
the life cycle of an organism that is used for dispersal. A particular type of disseminule 
is the propagule, which represents a unit of colonization having the full potential to es-
tablish a new population (Nathan, 2001). Disseminules can be represented by seeds, 
spores, plant tissue fragments capable of regenerating an individual or at least a pair 
(i.e. male and female) in the case of animals with sexual reproduction. Dispersal is a 
process common to all organisms and as all biological and ecological processes, it is 
highly variable in time and space. At large spatial and temporal scales, this process has 
broad implications for biogeography through both long- and short-distance dispersal 
events. 

Figure 2.8 
Dispersal 

mechanisms for 
plant species 

colonizing the 
newly formed 

volcanic island of 
Krakatau.
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There is dispersal in time when the propagule banks in soil and sediments allow pas-
sive dispersal, a temporal escape from unfavorable conditions. Germination or hatching 
occurs after a period of time. Thus the seeds in the soil represent a “seed bank” awaiting 
favorable conditions to germinate. The importance of temporal dispersal via propagule 
banks is suggested by the fact that some diapausing zooplankton eggs can remain vi-
able in sediment for 200 years or more (Bilton et al., 2001).

Dispersal in space occurs for many propagules in four dimensions. In the case of plant 
seeds, dispersal occurs within a volume which is measured in the length and width of 
the area covered and in the soil depths (height). Time is the fourth dimension, and it 
measures both the differences in time between seed formation and dispersal and the 
time until seed germination. Dispersal is not uniform and constant in time and space. 
Spatial spread can occur at different rates, from a slow gradual expansion to abrupt 
long-distance jumps. Gradual range expansions are done by the continuous spread of 
populations through multiple short-distance dispersal events, usually over quite long 
time scales. Long distance jumps are rare events, but they have crucial implications for 
biogeography (Nathan, 2001).

The intensity of the process can be increased either by producing more propagules (a 
costly and not very efficient option), or by increasing dispersal abilities induced either by 
structural adaptations in plants and animals or by behavioral ones in animals. For ex-
ample, in Panama, on two ha of wet tropical forest, 58 tree species and 56 bird species 
were identified. On the nearby Puerco Island with an area of 70 ha, only 20 species of 
trees and 20 species of birds were identified. This is due to the different dispersal abi-
lities of the species that limit their ability to cross the geographical barrier represented 
by the sea. The distance traveled varies widely from several meters to hundreds and 
thousands of kilometers. Marine animals have some of the largest dispersal abilities. It 
was estimated that the area large enough to retain most of the offspring of the parents 
ranges between 10 and 200 km for fish and invertebrates (Palumbi, 2004).

The mechanisms of dispersal are extremely varied but can be divided into passive or 
active. Passive dispersal depends either on water or wind (propagules are transported 
by the movement of water or air currents), on animals, or on humans. Animals can 
transport propagules either by ingesting but not digesting them or by carrying them on 
their bodies. Vertebrate dispersal of fruits and seeds is presently a common feature but 
is the result of co-evolution between plant and herbivores through geological periods 
(Tiffney, 2004). Humans can also voluntarily transport species across geographical bar-
riers (see chapter 5.3). Many animal species disperse actively most often by swimming 
or flying.

The Galapagos Archipelago is relatively isolated. Of the 378 native plant species, it is 
estimated that 9% reached the islands carried by water currents, 31% by wind, and the 
remaining 60% transported by birds (Porter, 1976). After the 1883 volcanic eruption on 
the Island of Krakatau, plants recolonized rapidly (Figure 2.8). While for the first deca-
des water was the major passive dispersal mechanism, after the development of vege-
tation, more bird species colonized the island and they became dominant as carriers 
(see also Figure 3.2).
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3. Patterns of species diversity  
in time and space 

The study of species diversity would be much easier if it were distributed uniformly in 
time and space. There is a large variation of species richness patterns that cannot be 
explained by a single process or theory. To understand the distribution and dynamics of 
species diversity we must take into account a variety of interacting geological, climatic, 
biogeochemical, ecological, and evolutionary processes (Cogălniceanu, 1999).

Global species diversity is dependent on the heterogeneous distribution, fragmentation, 
and isolation of habitats. This fragmentation has promoted speciation and the build-up 
of endemic biota. The overall pattern of species diversity is thus determined largely 
by a combination of factors that include the extent of fragmentation (i.e. the number, 
size, degree of isolation of patches, type and quality of habitats contained), the rates 
of dispersal, and the proportion of endemic species and of species with specific habitat 
requirements. All species are dispersal limited on some spatial scale, and dispersal 
limitation becomes increasingly important on larger scales (Hubbell, 2001).

Are species embarking alone on their time-space trip or are they traveling in groups? 
Knowing the answer will definitely improve our ability to manage ecological systems 
when faced with colonizing or introduced species, or with the extinction of extant spe-
cies. There is no clear answer to this question yet. According to the Discrete Community 
Hypothesis, species usually co-occur and travel in time and space together. This implies 
closed, structured communities with distinct boundaries and a predictable pattern of 
species co-occurrences. A different view is held by the Continuum Community Hypothe-
sis which states that species usually occur and travel independently. This implies that 
communities are open, random assemblages with gradual boundaries (Strong et al., 
1984). Both hypotheses are backed by examples, so we must reasonably assume that 
while some species travel alone, others travel in groups.

Parasite communities are a unique type of community. They are arranged into several 
hierarchical levels of organization, covering various spatial and temporal scales. The-
se range from all parasites within an individual host to all parasites exploiting a host 
species across its geographical range (Poulin, 1997). Parasite communities often form 
saturated communities and can thus provide an interesting insight into the processes 
that limit the number of species within a community. Parasite taxa also offer excellent 
opportunities for the study of evolutionary processes that generate diversity due to their 
high specialization that may have promoted sympatric speciation and diversification, 
and to the many independent lineages in which parasitism has evolved. Although the 
relative biomass of parasites is low compared to that of other trophic groups, their role 
is significant in shaping the community. Parasites influence a range of ecosystem func-
tions and have a major effect on the structure of some food webs. Parasite species 
richness is considered an indicator of a healthy system (Hudson et al., 2006).
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The task of understanding the complex distribution patterns of species richness is diffi-
cult to achieve, but this makes the subject even more attractive and fascinating for the 
inquisitive mind. We are far from understanding the patterns of species diversity at a 
satisfactory level, but as MacArthur (1965) put it, ‘patterns of species diversity exist’. It 
is up to us to find and explain them. All the processes related to species dynamics are 
highly probabilistic, but they are also predictable (Brown, 1995 a). It is on these predic-
table patterns of variation in time and space that I will focus on next. 

3.1 Species dynamics in time 
The patterns of species diversity with time fall along a scale axis that runs from several 
hours to hundreds of millions of years, covering a range of ten orders of magnitude. 
Since varied forces operate at different time-scales, patterns observed at a particular 
scale have a limited validity to other scales and cannot be generalized. The time-scale 
can nevertheless be divided in at least four major categories, which are also coupled 
with their corresponding spatial scales (see Table 1.2): 
1. The evolutionary time scale, which refers to changes that take place during geo-

logical periods, at intervals lasting between 104-108
 
years. These changes are conti-

nuous and are induced by extinction and speciation, with periodic mass extinctions 
and rapid (quantum) speciation events. 

2. The ecological time scale, when changes occur during ecological succession, las-
ting between 101-104 years. The ecosystem suffers drastic changes in species com-
position during succession, with dispersal limitation playing an important role. It is 
still uncertain whether the classical pattern of species richness increasing during the 
process is universally valid. 

3. The seasonal time-scale, with changes that occur throughout the year. The changes 
are influenced by the seasonal variation of abiotic factors like temperature, humidity, 
tidal height, photoperiod, and the associated variation of the biotic resources. Most 
resources vary within the daily-seasonal domain. The species turnover is caused 
either by migratory species (e.g. birds, fish, insects), by species which hibernate or 
aestivate (e.g. mammals), species with discrete or complex life-cycles (e.g. amphi-
bians, insects), or by species that survive as propagules (e.g. seeds, spores, eggs, 
roots, etc.).

4. The daily time scale documents changes that occur within hours. The physical 
conditions are rarely ideal for any organism through the entire 24-hour daily cycle. In 
addition to the daily alternation of light and dark, there is an accompanying rise and 
fall in temperature and other parameters. 

3.1.1 Evolutionary time scale 
Our knowledge of the changes occurring at this time scale are based on an incomple-
te fossil record, so we must be careful when looking for patterns. The global diversity 
curves drawn at evolutionary time scales reflect more than just the number of taxa that 
have existed through time: they also mirror variation in the nature of the fossil record 
and the way this record is reported. Changes in species diversity, even at this time 
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scale, were not gradual, as previously thought, but rapid, with intermittent episodes of 
radiation followed by long periods of stagnation. According to the theory of punctua-
ted equilibria (Eldredge and Gould, 1972), most fossil species exhibit morphological 
stasis for millions of years between geologically instantaneous shifts in morphology 
associated with splitting of lineages by allopatric speciation, with the persistence of the 
ancestral species (Jackson and Cheetham, 1999). Studies of plant and animal assem-
blages from both the terrestrial and the marine fossil records also indicated persistence 
for geological periods. Persistence in geological time does not mean lack of change or 
absence of variation from one occurrence of the assemblage to the next. It just implies 
that the assemblage composition is bounded (DiMichele et al., 2004).

If evolution is gradual, than the macro-evolutionary trends could result from the conti-
nuous evolution within species, but if evolution is mostly punctuated, such trends must 
result from differential rates of speciation and extinction of species with particular traits. 
Pulses of speciation that often involved entire regional biota required external forcing, 
either climatic or geological changes, which provided opportunities for geographic iso-
lation and speciation. 

It seems that regularity of speciation depends on the scale at which it is measured. 
Thus, the speed of speciation is very uneven at small time scales, takes a smoother 
but still complex appearance at intermediate ones and becomes almost regular at large 
(evolutionary) timescales, suggesting the presence of global steady states in diversity 
(Rosenzweig, 1997). Several documented patterns were observed during the Phanero-
zoic (i.e. the last 550 million years): 
a. periods of increasing diversity, mainly in the early Palaeozoic and the post-Palaeo-

zoic. 
b. repeated mass extinction events leading to decreased diversity followed by recove-

ries. 
c. broad transitions in dominance among higher taxa. 
Extinctions are conventionally divided into two distinct kinds: background and mass 
extinctions. The term “mass extinction” is most commonly reserved for the five major, 
short interval events during which 75-95% of existing species were eliminated (Table 
3.1, Figure 3.1). Although mass extinctions were important events, their combined spe-
cies kill amounted to an estimated 4% of all extinctions over the past 600 million years, 
the rest being attributed to background extinctions (Raup, 1994). The most recent ex-
planation of this high biotic turnover at geological time scales is that physical pertur-
bations on many geographic scales combined to produce the long-term trajectory of 
Phanerozoic diversity. Higher taxa in the earlier periods showed a higher volatility (i.e. 
had high turnover rates, being more prone to extinction). It seems that background ex-
tinction events that occurred between mass extinction events were common.

Phanerozoic transitions among evolutionary faunas were governed by the differential 
responses of their component taxa to extinction events. While mass extinctions appear 
to be nearly instantaneous on a global scale, major diversity increases were described 
on regional scales, with timing and taxonomic diversity transitions varying markedly 
from region to region. It is now estimated that major faunal transitions, as described on 
a global scale, took place far more rapidly and episodically when evaluated on smaller 
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spatial scales (regionally or locally). Despite the variety of causes of mass extinctions, 
they all share a common trait: they reflect perturbations that stress ecological systems 
beyond their resilience. The processes that caused mass extinctions simply represen-
ted the largest and most globally extensive of a continuum of physically induced transi-
tions, capable of producing episodic biotic transitions, including speciation and extinc-
tion, on scales ranging from regional to global (Miller, 1998). The major environmental 
changes thought to have triggered mass extinctions are extremely varied: impacts of 
extra-terrestrially derived objects, volcanism, climate change, lowering of sea level, or 
anoxia (Levinton, 2001). 

Table 3.1 Estimated extinction intensity at family, genus and species levels during the 
five major Phanerozoic extinction events (Jablonski, 1991). 

No. Period 
Time before  

present  
(million years)

Family  
loss  
(%)

Genus  
loss  
(%)

Species 
loss  
(%)

1 End Ordovician 440 26 60 85 
2 Late Devonian 360 22 57 83 
3 Late Permian 250 51 82 95 
4 End Triassic 210 22 53 80 
5 End Cretaceous 65 16 47 76 

Ecological systems are the result of long-term assembly processes, during which an 
important turnover of species takes place, but eventually a complex functional system 
emerges, whose stability is context dependent. New perturbations or perturbations with 
a higher magnitude or duration can disrupt it. For example, glaciation and deglaciation 
during the late Pleistocene induced repeated changes in sea-level. The importance and 
impact of these changes was enormous, considering that in Southeast Asia for exam-
ple, at sea levels as low as 120 m below present level, the exposed land that connec-
ted most of the islands either to one another or with the continent exceeded 32 million 
km

2
 (Voris, 2000). The relative frequent changes in sea level had a huge impact on 

the dispersal and speciation rates of the areas affected, in both terrestrial and aquatic 
organisms. A study of the bird faunas of Australia, New Guinea and the south-western 
Pacific Islands have indicated that the glacial periods were periods of movement of spe-
cies while the interglacial were periods of speciation (Horton, 1972).

After a mass extinction event, the communities left had a low diversity, dominated by 
widespread, generalist species. Early survival assemblages included also blooms of 
opportunistic taxa that could prosper only in harsh environmental conditions. Recovery 
took place in two steps, first an increase in primary productivity followed by an increase 
in ecological functions. During the recovery period, new species originated, including a 
growing number with narrow environmental tolerances. At the end of the recovery pe-
riod, the rates of speciation and diversification declined. During this stage some of the 
clades that had disappeared before or during the extinction crisis reappear, after some-
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times millions of years of absence from the fossil record, presumably expanding from 
refugia where they survived until conditions improved and allowed them to (re)colonize 
(Erwin, 1998). It was estimated that after the Late Ordovician mass extinction, marine 
benthic diversity recovered within 5 million years. It seems that immigration may have 
been particularly important in the recovery of regional biota (Krug and Patzkowsky, 
2004).

An important topic on this time-space scale that has raised many debates is the high 
species diversity in the tropics. It has been explained either by the gradual accumulation 
of species over time, with low rates of extinction in the absence of major environmental 
perturbations (the ‘museum model’) or, conversely, by the rapid speciation in response 
to late Tertiary geological events and unstable Pleistocene climates. If fossil records are 
not always reliable, molecular phylogenies can make important contribution by focus-
ing on extant species. A recent molecular study on the time of diversification within a 
species-rich neotropical tree genus with more than 300 described species (Inga), sug-
gested that speciation was concentrated in the past 10 million years, with many species 
arising as recently as 2 million years ago (Richardson et al., 2001 a). This coincides 
with the more recent major uplifts of the Andes (about 5 million years ago), the bridging 
of the Isthmus of Panama (about 3.5 million years ago) and Quaternary glacial events. 
Another molecular study of a species-rich genus (Phylica, with about 150 species) from 
the Cape region, South Africa, suggests that diversification began about 7-8 million 
years ago, coinciding with extensive drought caused by changes in ocean currents 
(Richardson et al., 2001 b). Both studies support the hypothesis that large continental 
bursts of speciation can occur rapidly, at rates similar to those previously associated 
with oceanic island radiations. The geographic isolation caused by the climatic and/or 
geological processes must have been severe enough on a continental scale to induce 
such rates of speciation.

Figure 3.1 Number of 
known marine families alive 
over the time interval from 
the Cambrian to the present 
(data from Sepkoski, 1992). 
The five major extinction 
events are marked with an 
arrow.
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3.1.2 Ecological time scale 
Several recent studies, each involving known time-scales suggest that populations that 
colonize novel environments can evolve extremely rapidly. It was estimated that adap-
tive life history traits had evolved in the predicted direction at rates 104-107 times faster 
that average rates estimated across species from the fossil record (Orr and Smith, 
1998). These estimates suggest that ecological and evolutionary times can overlap. 
Despite the differences in the time-space scales, a similar pattern of species diversity 
turnover can be observed between ecological succession (characterized by coloniza-
tion and high species turnover) and biotic recoveries after mass extinctions, usually 
characterized by evolutionary innovation. The key difference between evolutionary and 
ecological time scales, and between biotic recovery and succession is that the former is 
driven by speciation, whilst the latter is the result of colonization by extant species. 

Ecological succession is the non-seasonal turnover of species over time, generally 
predictable, with early colonist species and late maturity survivors. It is a directional 
process, from an early initial stage to a late, eventually mature, stage (Jeffries, 1997). 
The directional changes, replicated across space in separated patches of the same 
type, slowly converge on a final community if no major disturbances take place (i.e. the 
process is reversible with the return to an initial stage being extremely fast). 

Succession happens because species create their own structures and alter their en-
vironment, which eventually becomes unsuited for the very species that induced the 
changes. There are several stages in succession. It starts with an initial disturbance 
that creates an opening by destroying the existing biotic communities, followed by a 
continuous flow of immigrants of which some become established. The final phase is 
characterized by high species turnover due to competition, changes in the habitat, and 
the individual reaction of species to these changes. 

Succession is a dynamic process and species diversity may increase or decrease. A 
clear increase in species diversity is observed during the first stages, but the final out-
come varies between types of ecosystems (Table 3.2). Several patterns of species di-
versity changes during succession were reported (Peet, 1992): 
a. an increase towards climax, either smooth to an asymptote (i.e. a point of equilibrium 

when immigration is equaled by extinction), or irregular; 
b. a peak in late succession after most of the climax species have entered, followed by 

a decrease as successional species are lost; 
c. a peak shortly after the succession initiating disturbance, followed by a steady dec-

line towards climax. 

Species richness at a certain successional stage depends also on the colonization abili-
ties of the species involved and geographical isolation that limits the rate of colonization 
to the species with higher dispersal abilities. For example, a study of recently formed 
streams in southeast Alaska showed that if a stream is formed in an area containing 
plenty of established streams, colonization is very rapid (Milner, 1994). 

The best-known example of primary colonization in the tropics is considered the volca-
nic island of Krakatau, Indonesia. Krakatau has several advantages as a research site: 



37

a known starting point for colonization (August 1883), it is uninhabited, close to the large 
islands of Java and Sumatra, and has a well-documented biological history (Bush and 
Whittaker, 1991). The results of inventories of higher plant, butterfly and bird assem-
blages conducted since 1883 indicate that the forests have not yet attained maturity 
and continue to accumulate species, while extinctions remain relatively rare events. 
Successional processes account for most of the apparent species losses (Figure 3.2). 
The ecological system has not reached equilibrium since the time-scale of response 
has lengthened beyond reasonable expectations of environmental stasis (Bush and 
Whittaker, 1991).

A similar, recent, well-documented example in terms of species arrival and establish-
ment is Surtsey Island, a young volcanic islet formed in 1963, near Iceland. The first 
vascular plant to flower along the shore was observed in 1965. By 1987, 25 species of 
higher plants had been observed and by 1996 already 50 different species had been 
recorded. 

Ecological succession is not widespread or mandatory for all types of ecosystems and 
is much less common than previously thought (Botnariuc, 1999). In extreme environ-
ments, succession does not pass beyond an early stage (i.e. does not complete suc-
cession) due to the control imposed by the limiting abiotic factor (e.g. temperature, 
humidity, salinity). The types of ecosystems where ecological succession does not oc-
cur include deserts (where the limiting factor is either temperature, humidity, salinity or 
a combination of these), ice-covered alpine or arctic ecosystems, hypersaline lakes, 

Figure 3.2 The number of bird species richness on Krakatau at different moments 
in time after the colonization started. The difference between the present number of 
species and the cumulative number of species is due to species that colonized the 
island but later became extinct (based on data from Bush and Whittaker, 1991).
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thermal springs, and even the pelagic open ocean (where succession is limited by the 
constant loss of nutrients and microelements to the deeper parts). The concept of ecolo-
gical succession is also difficult to apply to rivers, where the water current continuously 
transports sediments and biomass downstream, and allows no structural changes to 
occur (Botnariuc, 1999). In the wetlands bordering rivers, the periodic floods flush out 
the accumulated silt and detritus and break down vegetation, keeping the ecosystems 
in an early successional stage (Dobson and Frid, 1998). 

Although not directly related to the successional pattern, there are some atypical pat-
terns of species that travel in time, for periods that range between several years to tens 
of years, similar to the seasonal pattern discussed below. These are the seed and spore 
banks in soil and sediments, and the thanatocoenoses (i.e. the layer of organic matter, 
consisting mainly of dead organisms, on the dried bottom of former water bodies) that 
can hold spores, eggs or seeds for long periods of time. These cannot be inventoried 
with classical sampling techniques, are not functional, but still present. They become 
active as soon as environmental conditions turn out to be favourable. Species with 
long-lived seeds can survive in the persistent seed bank even when the species is no 
longer part of the actual flora. Thus, long-lived seeds enable species to disperse and 
travel over time. Whenever conditions suitable for seed germination occur, such species 
can again become re-established. For example, mud-flat annuals in prairie marshes 
from central North America become established only during the periodic droughts that 
occur every 10 to 20 years, when the marshes are free of standing water (van der Valk, 
1992). 

Table 3.2 The Margalef-Odum model of the changes between ecosystems at different 
successional stages.

Parameter Young stage Mature stage
Structural changes

Number of species Small Large
Trophic web Simple, linear Complex
Consumers Few Many, including parasites
Ecological niches Large Narrow

Energetic changes
Total biomass (B) Small Large
Intensity of respiration (R) Low High
Net productivity (P) High Small
P/R ratio P > R     P/R > 1 P = R     P/R = 1
P/B ratio High Low

Informational changes
Biological control of  
biogeochemical cycles Low High

Nutrient conservation Low Increased
Level of complexity Simple Complex
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3.1.3 Seasonal time scale 
In a variable, suboptimal environment, some species restrict their activities (feeding or 
breeding) to special seasons by dividing temporal habitats according to optimality prin-
ciples. There are two options, each involving different costs: that of traveling in space 
(migration) and that of traveling in time (hibernation). Both involve high risks and costs 
in terms of the loss of resources available on departure and the costs of travel (in terms 
of energy consumption and the increased risk of predation). It is obviously a difficult 
trade-off and the cheaper retreat is selected by each species individually. Thus, while 
some species have developed good dispersal abilities and become migratory, others 
prefer to retreat metabolically (hibernate or aestivate), or survive as propagules (Ro-
senzweig, 1995). Migration differs from dispersal in that it is directed, whereas the latter 
is undirected. In boreal and temperate areas, many species leave during the colder 
period of the year, and even subtropical areas have annual cycles, often exchanging 
species between summer and winter (Rosenzweig, 1995). Seasonal migrations and 
movements are also caused by species interactions (predator-prey and competition). 
Herbivores migrate according to seasons in search of plant biomass and are followed 
by predators. A study of the seasonal changes in bird species diversity at the interface 
between forest and reed-bed showed that in winter only 43 bird species remained, repre-
senting only 41% of the summer species richness (Vâlcu, 2005).

A perhaps unique migratory strategy is found in the Monarch butterfly (Danaus plexip-
pus) that engages in annual long-distance migrations from North America to Mexico 
to avoid the low winter temperatures. In the following spring, the butterflies leave their 
over-wintering sites and lay eggs only on milkweed plants (Asclepias ssp.) in southern 
USA. These eggs give rise to butterflies that continue the northwards migration up to the 
level of the Canadian border, in a series of successive generations (Scoble, 1992). 

Man has interfered with the natural migratory patterns of a variety of taxa, the most 
affected being terrestrial mammals and freshwater fish. The seasonal migrations of ter-
restrial mammals were disrupted by humans, either by hunting, habitat destruction and 
fragmentation, or by the construction of artificial barriers. There are several well-docu-
mented massive seasonal migrations of mammals that occurred until the nineteenth 
century: the Saiga antelope migration from central Asia to Europe, the North American 
bison migration and the large herbivores migration in Africa. Even nowadays, hundreds 
of thousands of grazing animals migrate each year between the southern and northern 
sections of the Serengeti-Mara protected area within Tanzania and Kenya, followed 
in their migration by carnivores and scavengers. Their migration follows the seasonal 
green wave of new vegetation nourished by the rains (Hughes, 2001). 

The seasonal migration of fish upstream rivers is now greatly hindered by the construc-
tion of dams and the draining of associated floodplains and wetlands. The seasonal 
migration of birds and marine animals (mammals, fish, invertebrates) is less influenced 
by human activities and can offer a good understanding of the range and importance of 
seasonal changes in species composition and abundance. 

There are also several migration patterns unrelated to the seasonal time-scale, like the 
periodic one-way migration of lemmings, while in other species like salmon, there is a 
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cyclic migration from and back to their natal river stream. Eels (Anguilla anguilla) do the 
reverse, returning to the Sargasso Sea to breed after living in rivers. 

Plants have adapted to seasonal changes in environmental conditions by delaying seed 
germination during unfavourable conditions. A further refinement is seed dormancy, i.e. 
seeds that do not germinate when exposed to suitable temperature and moisture con-
ditions because of physiological, physical or morphological causes. Dormancy enables 
species that disperse seeds at different times to synchronize their seed germination and 
seedling growth with seasons of the year when environmental conditions are likely to be 
favourable (van der Valk, 1992). 

Primary production in aquatic systems generally follows seasonal patterns, although the 
causes of this seasonality differ between temperate and tropical zones. In temperate la-
kes and rivers, low light intensities and temperatures limit winter phytoplankton produc-
tion. A peak is reached during the spring in response to improving physical conditions, 
but by late spring it is severely limited by nutrient depletion due to water stratification 
and by zooplankton grazing, leading to a midsummer dip in productivity. In late summer, 
there is generally a second peak, reflecting the change in algal species composition 
and occasional weather-controlled breakdown of the thermocline. Algal biomass dec-
lines rapidly in autumn due to the decrease in light intensity and temperature, despite 
the influx of nutrients conveyed by water mixing. In lakes and rivers in the tropics, light 
intensity and temperature are relatively constant, but phytoplankton production follows 
seasonal patterns related to hydrology. In rivers, low flow rates create periods of sta-
bility, allowing phytoplankton to flourish, while during high flow their biomass declines 
(Dobson and Frid, 1998). 

In most temperate lakes, the composition of the zooplankton differs drastically between 
summer and winter. During summer, waterfleas (cladocerans), calanoid copepods and 
few, small cyclopoid copepods dominate. During the winter and early spring, a few 
species of cyclopoids can make up to 90% of the zooplankton. This shift in species 
composition has a major impact on the food-web. Winter cyclopoids swim to the bottom 
of the lake in spring, bury themselves in the sediment and enter a diapause stage that 
lasts for the whole summer. Thus, they are present in the lake during the summer and 
autumn period, but not active. It was suggested that this diapause is a mechanism of 
avoiding competition with cladocerans (Lampert, 2004). 

Aphids, cladocerans and rotifers have adapted to a complex reproductive cycle, called 
cyclical parthenogenesis. This is defined as the more or less regular alternation of sexu-
al and parthenogenetic reproduction and allows them to enjoy the benefits of both sexu-
al and clonal reproduction (De Meester et al., 2004). These animals produce diapausing 
eggs, but rotifer and cladoceran populations build up large resting egg banks due to 
the ability of the eggs to survive over long periods of time. Diapause eggs are even 
considered the major dispersing agent for rotifers and cladocerans. The production of 
diapausing eggs in all three groups is a strategy to cope both with seasonality as well as 
the unpredictability of the habitat. Egg banks also contribute to gene flow and increased 
genetic variability through their dispersal in time (De Meester et al., 2004).

In marine systems, four broad patterns of phytoplankton seasonality were described, 
based upon the pattern of algal bloom occurring: a temperate North Atlantic pattern with 
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phytoplankton abundance having a distinct, bimodal annual cycle; a temperate North 
Pacific pattern, with low biomass for most of the year and a peak in autumn; a high lati-
tude pattern with a burst of primary productivity in late spring; and a tropical pattern with 
a succession of increases and decreases in phytoplankton and zooplankton (Dobson 
and Frid, 1998). 

In ecosystems where the successional patterns are arrested because of the limiting 
influence of an abiotic factor, like temperature or humidity, entire communities have ad-
apted by becoming active (i.e. feeding, reproducing and growing) during the brief period 
when the limiting abiotic factor reaches a domain of tolerance. For example, the brief 
rainy season in some desert regions triggers short spurts of primary productivity (i.e. 
extremely rapid growth, flowering and seed-producing), with long periods of minimal 
productivity in between. This in turn prompts the return of migrating species or similar 
rapid life cycles of animals with resting stages. Many predatory birds move into the 
desert in high numbers in the appropriate season. A similar explosive pattern of growth 
and reproduction as seen in desert communities is also observed in alpine and arctic 
ecosystems during the brief summer period.

The spadefoot toads of the genera Scaphiopus and Spea are abundant throughout the 
USA and northern Mexico and inhabit dry plains and deserts. They are very secretive 
and sometimes come out only one night per year, the evening immediately after the first 
heavy rain in the spring-summer time, when temporary ponds form. Adult spadefoot 
toads can eat up to 55% of their weight in a single night, and sometimes this is enough 
for more than one year. They spend about 24 hours in water to mate and lay eggs. After 
this, they dig burrows up to 100 m in distance from the vanishing pond, and they can 
dig as deep as one meter to where the moisture content in the soil is the same as in 
their skin. Larval growth is very rapid, so the tadpoles can metamorphose in about four 
weeks. Their larvae present some remarkable behaviours and adaptations to grow fast 
and to protect from predators attack. Sometimes they can form huge schools which 
help them feed by stirring up settled plant material from the bottom of the pond, and 
also help them protect against predation by insect larvae. Phenotypic plasticity has 
been frequently observed in these tadpoles, some of them developing large heads and 
keratinized mouth-parts which allow them to feed on other tadpoles (McClanahan et al., 
1994, Woodward, 1982).

3.1.4 Daily time scale 
A variety of taxa shows a daily dynamic pattern, either due to rapid changes within 
the habitat, as in tidal areas (where species composition depends on water level) or in 
aquatic systems (where planktonic and nektonic organisms migrate vertically because 
of water stratification or currents), or the day-night changes that induce migrations to 
and from the feeding, mating, breeding, resting, perching or hunting grounds. Species 
interactions, e.g. different activity patterns to avoid competition or predator-prey activity 
patterns, are also responsible for these daily changes in species diversity. 

In shallow lakes dominated by submerged plants, the physico-chemical parameters of 
water show a wide range of variation during the 24-hour cycle. During the night, plants 
consume large amounts of oxygen and can cause hypoxia, and release carbon dioxide 
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that modifies the pH. These changes can be coupled with severe drops in temperature 
and have combined effects on most occurring processes. Pelagic organisms have to 
move within different water bodies to escape unfavourable conditions or in pursuit of 
their prey. 

Sea level has been rising and falling each day for billions of years. Most coastal areas 
experience two high tides and two low tides each day, but they can vary in strength 
and some places have only one tide per day rather than two. Twice a month, when the 
sun and moon pull together or directly oppose each other, the tides are more extreme 
(spring tides). When they pull in different directions, i.e. at right angles to each other, 
tidal range is reduced (neap tides). In most of the ocean basins, tides affect the height of 
the water by 1-3 m, reaching a record of 15 m in the enclosed Bay of Fundy, Nova Scot-
ia. Tides have a huge impact on the organisms living on the coast, which are alternately 
submerged and exposed with each tide and which have evolved different strategies 
that allow them to survive, feed and breed in this changing environment. Marine life in 
nearby coastal waters is also affected by tides. Even far away from land, organisms use 
tides to synchronize behaviour, most commonly reproduction. 

3.2 Species dynamics in space 
Since species diversity is not distributed uniformly on the planet, the search for patterns 
is extremely important for the understanding of how and why species are grouped in 
certain ways. Scientists have long searched for a simple, global pattern that could ex-
plain the irregular distribution, but no unique mechanism or process can explain it and 
be valid for all taxa and habitat types. The gradient variation of certain physico-chemical 
factors, mainly related to climate allows a certain zonation. The best documented and 
most obvious pattern is the decrease in temperature from the tropics toward the poles. 
Several other parameters vary in direct correlation with temperature, but others do not 
show a linear variation. The strength of the spatial patterns of distribution lies in their 
repeatability over different scales and varying habitats and taxa.

Understanding species distributional patterns requires an understanding of the mecha-
nisms of species co-existence, which consist of two major aspects: co-occurrence and 
competition, the latter potentially leading to exclusion. First, species should be able to 
segregate along some environmental gradient, and second, there must be an evolutio-
nary trade-off among species such that each should be superior to any of its competi-
tors on parts of this gradient. 

Species distribution is also affected by the distribution of appropriate habitats as well as 
historical factors. A study of habitat preferences in Central European flora showed that 
there is a higher proportion of species favouring calcareous or very base-rich soils (cal-
ciphilous species) while there is a much smaller proportion of species adapted to acid 
conditions (acidophilous species). This pattern could not be explained by the frequency 
of suitable soil types nor other correlated ecological factors. It was hypothesized that 
Pleistocene range contractions have caused the extinction of more acidophilous than 
calciphilous species, because acid soils were much rarer when refugial areas were at 
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their minimum. Thus, present day distribution and composition of flora is the result of 
ecological drift imposed by a historical bottleneck (Ewald, 2003).

3.2.1 Species diversity and scale
As discussed in section 1.4, spatial scale is a major issue in studying species diversity. 
Traditionally, species diversity has been partitioned by ecologists into local diversity 
(also called alpha, α) and regional diversity (or gamma, γ), with the two linked by the 
extent to which species composition changes over space (beta diversity, β). Thus, beta 
diversity measures the rate of species turnover between points (Godfray and Lawton, 
2001) (Table 3.3).

Table 3.3 The relationship between alpha and beta diversity based on four transects 
with three sites each. Each number corresponds to a species. There are between 1-4 
species in each site.

Site 1 Site 2 Site 3 Alpha diversity Beta diversity
1 2 3 4 1 2 3 4 1 2 3 4 High Low
1 1 1 1 2 2 2 2 3 3 3 3 Low High
1 1 1 1 1 1 1 1 1 1 1 1 Low Low
1 2 3 4 5 6 7 8 9 10 11 12 High High

Scaling is vital when looking for patterns, and understanding how species diversity is 
partitioned between local and regional scales is of great importance. To understand the 
relationship between local and regional diversity, it is important to know how diversity is 
partitioned between the alpha and beta components. Lande (1996) has proposed the 
following equation that relates the three types of diversity:

Dγ = Dα + Dβ

where Dα is the average local diversity and Dγ and Dβ represent gamma and beta diver-
sity values respectively. The equation indicates that if alpha diversity is held constant 
while gamma diversity increases, as is the case with saturating local-regional species 
richness curves, beta diversity will also increase (Figure 3.3).

Local species richness is not strictly dependent on local conditions, but is also affected 
by regional species richness (Hugueny et al., 1997). Usually, the relationships between 
regional and local species richness is analysed graphically. Local species richness is 
sampled in small, replicate localities and then compared with the species richness of the 
region containing them (Caley, 1997). At low values of regional diversity, local diversity 
may increase with increasing regional diversity. Local diversity may either continue to 
increase linearly with regional diversity (i.e. the local communities are considered to be 
unsaturated with species), or it may reach a ceiling, an asymptote, thereby becoming 
independent of increasing regional diversity (i.e. the local communities are considered 
saturated with species). These relationships are further complicated if local endemisms 
are present (Creswell et al., 1995).
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Based on species-area relationships, we can predict that species diversity on a local 
scale will be lower than on a regional scale. Since each spatial scale is characterized 
by specific structuring processes, we must not consider the regional species pool as 
some passive, random pool from which local assemblages are ‘drawn’. The question 
that arises is why don’t all the species available regionally occur also locally, what are 
the forces structuring it, i.e. what are the different filters (geographic, environmental, 
and biotic) that exclude species from the regional pool from being part of the local 
community? Thus, physico-chemical environmental parameters exclude species whose 
ranges of optimum and tolerance lie outside the existing domain. For example, salinity 
gradients are a major limiting factor in aquatic systems. Biotic interactions like predation 
and competition also exclude a number of species. Insularity occurs on all spatial scales 
due to the low dispersal abilities of many species across geographic boundaries that 
limit their range. Last but not least, humans exert a control on the structure of the com-
munities everywhere on Earth, eliminating many species locally and regionally through 
overexploitation or pest control.

Local species richness is influenced by a variety of processes either operating locally 
or influencing the regional species pool (Ricklefs and Schluter, 1993). In general, local 
processes tend to reduce diversity through competitive exclusion, overexploitation (due 
to predation or grazing), and stochastic extinctions. Regional processes tend to balance 
them through dispersal, speciation and exchange of species between regions (Figure 
3.4). The influence of the regional species pool on the number of species occurring 
locally is of major importance in marine species, which occur in populations that are 
demographically open. Their replenishment is largely or exclusively dependent on a 
supply of juveniles from the plankton, since local recruitment is uncoupled from local 
reproduction by a dispersive larval stage (Caley et al., 1996).

The present patterns of diversity on different space-scales are also the result of different 
evolutionary histories (Ricklefs and Schluter, 1993, Hugueny et al., 1997). For example, 
climatic change is a fundamental feature of the global environment. The long-term com-
position of plant communities is affected by climatic change and perturbation, but there 
may be a considerable time-lag (50-200 yrs) before plant responses to new environ-

Figure 3.3 Diversity at one level 
affects diversity at other levels, 
thus low α and high β can be 
similar to high α and low β.
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Figure 3.4 The relationship between local and regional species richness and the 
influence of regional and local processes and of the factors that limit colonization from 
the regional species pool. While sink species go repeatedly extinct locally and rely on 
the constant supply of immigrants to persist, local source species (re)colonize other 
habitats within the region.

Figure 3.5 The dynamic processes of speciation, extinction and dispersal and their 
influence on species richness at different space scales.
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mental regimes are apparent in terms of species diversity (Tallis, 1991). Since the unit of 
response to climatic change and perturbation is the population and not the community, 
current plant ranges may not be in equilibrium with present conditions because of low 
dispersal abilities (Figure 3.5).

3.2.2 Patterns of distribution 
Distributional patterns vary according to several major space-scales: global, macro-
regional, regional, and local. On a global scale, species dynamics is the result of the 
different rates of extinction and speciation. On the macro-regional and regional scales, 
several main distributional patterns were described: 

1. latitudinal gradient 
2. altitudinal gradient 
3. depth gradient 
4. longitudinal gradient 
5. radial gradient 

The major distributional patterns described below are not universally valid, nor easily 
observed. The environmental gradients are almost always very complex, with many 
different physical factors changing along the gradient, some increasing while others de-
creasing. To the present-day complexity we must add the footprint of historical changes 
at evolutionary time scales. The distributional patterns are interlinked and overlapping, 
differing from a group of species to another, depending on their ability to adapt, trans-
form and disperse. 

3.2.2.1 The latitudinal gradient 
It was observed long ago that the species richness of many groups of organisms incre-
ases from high (temperate and boreal) to low (tropical) latitudes. The pattern is similar 
also for higher taxa, such as genera and families, but differs among terrestrial and ma-
rine systems. 

The latitudinal gradient is ancient, and it could be traced back in the geological record 
to at least 400 million years (Crame, 2001). It was persistent through time during geolo-
gical periods in many of the investigated taxa (Rosenzweig, 1995, Gaston and Spicer, 
1998). It is now apparent that latitudinal gradients increased dramatically in strength 
through the Cenozoic era (i.e. during the last 65 million years) to become more pro-
nounced today than at any time in the geological past (Crame, 2001). The latitudinal 
gradient is also present independently of the method of analysis, whether species rich-
ness was measured at local sites, across large regions or is determined cumulatively 
across entire latitudinal bands (Gaston and Spicer, 1998). 

The latitudinal gradient is valid for most terrestrial species groups, with few exceptions, 
showing a unimodal distribution, peaking in tropical areas. Several hypotheses tried to 
explain it, of which two are worth mentioning. The first hypothesis states there that the 
tropics have a larger area (Rosenzweig, 1995, Rohde, 1997, Rosenzweig and Sandlin, 
1997) and there is no real gradient, while the second suggests that the tropics have 
a much higher primary productivity that supports in turn higher species diversity (see 
chapter 3.2.5). 
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The unimodal latitudinal species distribution shows a lack of symmetry between the 
northern and southern hemispheres, with higher species diversity in the south probably 
due to the high number of islands with many endemic species. 

The question of the validity of the latitudinal gradients in marine systems is more com-
plex. Marine systems cannot be compared to terrestrial systems due to the depth effect 
(terrestrial systems are mostly colonized along a surface while marine systems through-
out a volume), and the present low level of sampling (Gaston and Spicer, 1998). Gray 
(2001) shows that there is not enough data to support the hypothesis of increase in 
species richness from poles to the tropics. Species richness of shallow and polar areas 
is physically controlled, mostly by temperature, whereas that of the deep sea and tropi-
cal areas is biologically controlled, mostly through competition (Gray, 2001). There are 
also differences between the two polar oceans: the Arctic being a younger ocean with 
less species richness and endemics; and the Antarctic, an older one, better isolated for 
longer periods, with higher species richness and endemics. Within the marine systems, 
there are three different types of habitats which exhibit different species richness pat-
terns: coastal, benthic, and pelagic. 

Coastal taxa show no clear latitudinal pattern. Their distribution is severely influenced 
by a variety of processes of both marine and terrestrial origin. It must be kept in mind 
that present day coastal ecosystems are very recent, less than 10,000 years, and have 
been very severely impacted and transformed by humans (Jackson, 2001).

Benthic taxa show clear latitudinal patterns, but exceptions also occur. It is the oldest 
type of habitat and the less disturbed or influenced by human activities (Figure 3.6). 
Once considered to be constant, spatially uniform and isolated, deep-sea sediments are 
now recognized as a dynamic, richly textured environment (Levin et al., 2001). 

Pelagic taxa exhibit a latitudinal gradient in richness, but not a simple one. The patterns 
of distribution are complicated by the periodic migrations and horizontal water currents. 
Most benthic organisms have early pelagic life stages, and this makes the pattern even 
more complex. 

There is also a latitudinal pattern of the distribution of range sizes, with the range dec-
lining from high to low latitudes, the so-called Rapoport’s rule. This pattern is valid only 
for certain taxa and cannot be generalized (Gaston et al., 1998). Brown (1995 a) gives 
five hypothesis to explain for this variation, but whatever mechanisms ultimately turn 
out to underlie Rapoport’s rule, the fact that species with small geographic ranges ap-
parently originate and persist more readily at low than at high latitudes must contribute 
to the high species diversity in the tropics. 

The latitudinal gradient covers large areas and considers the Earth flat, without taking 
into consideration the three-dimensional structure of both terrestrial and aquatic sys-
tems. Adding a new axis to the two-dimensional approach yields a volume that is closer 
to reality. Two additional gradients must be considered when dealing with volumes: 
altitudinal and depth. 
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Figure 3.6 Latitudinal gradient of the number of coexisting species in the gastropod 
family Turridae, from the eastern North Atlantic and Norwegian Sea (from Rex et al., 
1997).

3.2.2.2 Altitudinal gradient 
At first glance the altitudinal gradient is just mimicking the latitudinal gradient on a smal-
ler spatial scale. Thus, an increase in elevation of 1,000 m results in a decrease in mean 
air temperature of 6

0
C, equivalent to that associated with a linear increase in latitude of 

500-750 km. Many climate parameters in addition to mean temperature, change along 
the altitudinal gradient in a similar way to the latitudinal gradient, for example season 
length (Houston, 1996). The study of altitudinal gradients allows us to separate thermal 
from seasonal effects. Thus, tropical biota of high mountains experience similarly low 
temperatures to those in the subarctic during the growing season, but they face no 
thermal season (Körner, 2000). This in turn points to an important differentiation along 
a latitudinal gradient, that comparable differences in elevation present more severe 
barriers to dispersal at low than at high latitudes (Figure 3.7). Thus, the greater severity 
of barriers at lower latitudes contributes to the formation and persistence of narrowly 
endemic species (Janzen, 1967). The most often described altitudinal species richness 
pattern, either corrected for area or not, is unimodal, with the highest diversity at inter-
mediate elevations (Gaston and Spicer, 1998, Houston, 1996). 
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Figure 3.7 Along a latitudinal gradient combined with elevation (valid for humid areas 
only), both temperatures and season length decline. Among altitudinal transects, the 
pattern differs between tropics (decreasing temperature but no change in season 
length), and various other combinations of decreasing temperature and season length. 
Several layers along this latitudinal-altitudinal gradient show equal temperatures but 
unequal season length (after Körner, 2000). 

As three-dimensional structures, mountains are far more heterogeneous than plains 
and can be inhabited by a higher number of species. Also, high mountain species are 
relatively well isolated, and this insularity effect can explain the large proportion of en-
demic species. Since mountains have slopes rather than vertical walls, the land area 
available for biota declines with elevation. Thus, the area above 3,400 m represents 
only 1% of the land area above the tree-line in the Alps (Körner, 2000). It is generally 
accepted that species richness declines with increasing elevation. For example, plant 
species number in the Alps declines on average by 40 for every 100 m of elevation. If 
one accounts for the elevational narrowing of land area, the actual decline in plant spe-
cies diversity is much less. On a global scale, the alpine flora (i.e. above the tree-line) 
covers 3% of the vegetated land area, but includes about 4% of all known plant species; 
hence it is relatively species-rich on such a large scale (Körner, 2000). 

3.2.2.3 Depth gradient 
The depth gradient was for long considered as the marine equivalent of the altitudinal 
gradient. The differences are nevertheless huge, mainly because of the steady increase 
of pressure with depth. There is a variety of other vertical gradients besides hydrostatic 
pressure (e.g. temperature, salinity, light penetration, nutrients, oxygen) that divide the 
water mass into distinct bodies of water with differing characteristics, of varying degrees 
of attractiveness for the biota. Vertical and horizontal currents add to this variability 
(Dobson and Frid, 1998). Most variability is confined to the upper water column. Below 
500-800 m, there is no light and thus no primary producers, and the temperature and 
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salinity are constant. From this level on, only hydrostatic pressure increases with depth. 
In the deepest trenches, extreme pressures are an important limiting factor and an 
exponential decrease of both the density and biomass of benthic organisms can be ob-
served. In the pelagic and benthic realms, species richness generally shows a unimodal 
distribution, peaking at intermediate depths, different for each type of habitat (Gaston 
and Spicer, 1998). Benthic macrofauna increases in general from the continental shelf 
down the slope to a maximum at about 3,000 m. It then decreases down to 6,000 m, 
beyond which it remains relatively constant (Dobson and Frid, 1998). The diversity of 
pelagic communities peaks at depths of 1,000-1,500 m (Gaston and Spicer, 1998) being 
limited beyond by the scarcity of food in the water mass. It was recently suggested that 
this gradient does not exist, suggesting that marine diversity patterns are more complex 
than previously thought (Gray, 2001). 

3.2.2.4 Longitudinal gradient 
The longitudinal gradient is less conspicuous but nevertheless a real phenomenon, 
very complex, that occurs on a variety of spatial scales in both terrestrial and marine 
realms (Crame, 2000). The majority of longitudinal gradients described until now are for 
marine taxa (corals, gastropods, mangroves) which have a maximum diversity within 
the Indonesian archipelago and decrease toward both east and west (Gray, 1997). The 
probable cause is due to the high number of islands and their variability and to the dra-
matic shifts in sea-level during glaciations (Voris, 2000). A recent study on diversity gra-
dients in marine bivalves has identified a longitudinal gradient between a large tropical 
high diversity area in the southern China-Indonesia-Australia region and a somewhat 
smaller one in the Panamic-Caribbean region (Crame, 2000). Historical events are most 
probably the determinant factors of this diversity gradient. 

3.2.2.5 Radial gradient 
There are many radial gradients described. These types of gradients extend radially 
from a center of diversity (i.e. an area with high species richness), with diversity decre-
asing with distance from the center. Radial gradients were described at spatial scales 
ranging from macro-regional to local (Houston, 1996). For example, the diversity of taxa 
associated with particular geographical features (e.g. mountains) tends to decrease 
away from those features. In the tropics, various centers of diversity were described for 
plants, birds, butterflies, frogs, and mammals (Vane-Wright et al., 1991, Houston, 1996). 
Biogeographers name the areas in which a group is represented by the largest number 
of species ‘centres of dispersal’. Their high species richness is explained either by age 
(i.e. it assumes that new species appear at a constant rate, thus the presence of a large 
number of species in a particular area indicates that the group has existed for a long 
time in that area) or by climatic-induced changes (i.e. they acted as glacial refugia whe-
re the species were confined during the Ice Ages and from where they later dispersed 
during interglacial periods) (Cox and Moore, 1993). 

Despite the fact that the patterns of species diversity are extremely complex and vary 
among taxa, there are several mechanisms and processes that correlate with and can, 
at least partially, explain them. I will focus on the influence of area, environmental distur-
bances and productivity on the described distributional patterns of species richness. 
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3.2.3 Species-area relationships 
Why do larger areas have more species? Although the question might seem naïve, it is 
not and the answer is more difficult to give than expected. There are three hypotheses 
that tend to explain this pattern (Rosenzweig, 1995). The first states that larger areas 
have more individuals and requires that the balance between speciation and extinction 
produces a real, positive number of species. The second hypothesis states that larger 
areas have more habitats, requiring that natural selection produce habitat specialists. 
The last hypothesis states that larger areas contain more biogeographical provinces, 
suggesting that speciation rates are higher than immigration rates, thus generating a 
large number of endemic species. 

The number of species increases with area but in different patterns. Rosenzweig (1995) 
described at least four species space-scales relationships, each with a specific pat-
tern: 
1. Small patches within a single biota, where below a threshold area, species richness 

is not a simple function of area. 
2. Large patches of a singe biota whose specific pattern results from larger areas con-

taining more habitats. 
3. The pattern among islands of one archipelago results from larger areas containing 

more habitats and from the different rates of immigration and extinction of species 
on islands. 

4. The pattern among geographical provinces is the result of a greater rate of speciati-
on and a lower rate of extinction in larger areas. 

The species-area curves can be used to define the relationship between diversity and 
scale, as it reflects the shift in species count over a range of scales. The relationship 
between species richness and area is not a linear one. The standard way to plot spe-
cies-area curves for analysis is to transform both the area (A) and the number of spe-
cies (S) into logarithms (most often in base 10). The log-log plot aligns the data along a 
straight line, which can be described by the equation: 

log S = z log A + log c where z 

describes the slope of the log-log relationship and log c its intercept.

Since we are not interested in log S but in S we can transform the equation: 

S = cA
z 

From this equation it can be observed that c is not an intercept, but the slope of a graph 
whose x-axis is A

z 
and y-axis is S. Note that c is scale dependent while z is not (Figure 

3.8). The values of z can vary between low values of around 0.1-0.2 within a biogeogra-
phical province to values of 0.6-1.5 between continents or biogeographical provinces. 
Among islands of an archipelago, z varies between 0.25-0.55 (Rosenzweig, 2000). The 
shape of the curve varies also with the spatial scale (Figure 3.9). 

Species-area relationships have practical applications: they can be used to estimate 
species loss after habitat destruction, identify biodiversity hotspots, infer consequences 
of species introductions and faunal homogenization, or to estimate global biodiversity 
patters (Ulrich and Buszko, 2004).
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Species-area relationships can be used to predict the number of species we should 
expect to lose as the area of a habitat is reduced (Table 3.4). It can also estimate the 
extinction debt, i.e. the time-delayed species extinctions after habitat destruction (Báldi 
and Vörös, 2006). Estimating the loss of species accompanying a certain amount of 
area reduction is a rather straightforward exercise if we know the original number of 
species (Soriginal), the amount of area reduction (Areduced/Aoriginal), and the slope of the spe-
cies-area equation (z). From the relationship Sreduced/Soriginal=(Areduced/Aoriginal)

z
, the proporti-

on of species loss can be calculated (Connor and McCoy, 2001). These computations, 
though relatively simple to perform, require at least five assumptions: (1) area reduction 
completely eliminates species that were originally present; (2) all species originally pre-
sent were distributed homogenously; (3) an appropriate model has been selected to 
describe the species-area relationship; (4) the slope z is accurate and constant; and 
(5) the loss of species is a direct consequence only of area reduction. None of these 
assumptions can be fully met, so the power of the predictions that can be made is low. 
Further refinement of this method could increase its accuracy and transform it in a po-
werful predictive tool

Table 3.4 Global species richness of land mammals, land birds, butterflies and 
angiosperm plants and estimated loss of species predicted from the conversion by 
humans of about 12% of the land area (from Wright, 1987). 

Taxa Existing number of species Estimated loss of species
Land mammals

Land birds

Butterflies

Angiosperms

3,094

7,860

13,000

250,000

168 (5.4%)

527 (6.7%)

1,250 (9.6%)

14,500 (5.8%)

The process leading to a severe species loss was described as a massive, three-phase 
extinction (Rosenzweig, 1999). First we lose the endemics. If we expropriate 95% of a 
biogeographical province, we should expect to exterminate about 25-40% of its species. 
Second we lose the sink species. These are the species whose few populations all live 
in suboptimal conditions and are not able to sustain adequately generation-to-genera-
tion replacement. Assuming a loss of 95% of natural area, some 50-60 % of species 
will be sink species waiting to disappear. Third, inevitable accidents will claim species 
that ordinarily have healthy demographics. Because smaller areas have low speciation 
rates, most of these accidental losses will not be replaced. In the end, our planet will 
support about the same proportion of species as she has saved in land area. If we save 
5% of the land, we will have 5% of its diversity. The third phase of the mass extinction 
is the slowest one, perhaps lasting on the order of 100,000 years. The decline to an im-
poverished steady state of diversity may be speeded by global warming and eventually 
not take very long at all. 
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Figure 3.8 The relationship between the parameters c and z. (A) If c is held constant 
and z is variable, the higher slope (z1) corresponds to a species-area curve amongst 
separate biogeographical regions or islands while the lower slope (z2) corresponds 
to a species-area curve of neighbouring areas with a low level of endemics. (B) If 
z is held constant (thus the slope is the same) c is variable, depending on species 
richness, with higher values (c1) corresponding to higher species richness. 
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Figure 3.9 The shape of the species-area curve varies depending on the spatial scale. 
On local scales (A), the species accumulation curve (SAC) is most sensitive to the 
relative abundance of species. On regional spatial scales (B), the SAC is sensitive to 
the encounter of the ranges of species at steady state between speciation, dispersal and 
extinction. On macroregional spatial scales (C), sampling is done among biogeographical 
provinces with separate evolutionary histories (adapted after Hubbell, 2001). 

Figure 3.10 Classification of environmental disturbances, according to frequency of 
occurrence and amplitude. Disturbances that are periodic and have a small domain 
induce adaptation and are factors of selection. Aperiodic disturbances with extreme 
values induce massive mortality randomly.
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3.2.4 The role of environmental disturbances 
The role and importance of environmental disturbances in structuring biotic communi-
ties is long known though not well explained or understood. According to the interme-
diate disturbance hypothesis, the highest species diversity is at intermediate levels of 
disturbance (i.e. intensity, frequency, size, or time since disturbance) (Palmer, 1994). It 
is important to recognize that an event that is a disturbance to one community will not 
be one for another. The crucial parameter is the frequency with which a particular level 
of the factor occurs. Usually at intermediate frequencies of disturbance the community 
becomes a series of patches forming a mosaic. This can be easily explained in terms 
of successional changes in species composition. In early stages of succession, there 
are few colonizing species, and competitive exclusion precludes many species coexis-
ting late in succession. The high richness at intermediate times can be explained by 
two different processes: (1) high species overlap because early successional species 
persist in the presence of late successional species, and (2) the fact that competitive 
exclusion has not yet had time to drive subordinate species to extinction. Thus, a mode-
rately intense disturbance can enhance species richness temporarily, whereas a severe 
disturbance would cause the extinction of many species (Figure 3.10). At larger time 
scales, even succession and mass extinctions are disturbance driven (see chapters 
3.1.1 and 3.1.2).

The most frequent and important causes of disturbance are: fire, grazing, soil distur-
bance (either due to temporary increase in nutrients and other resources, ploughing, 
or animal caused disturbances), nutrient inputs, vegetation trampling which creates 
openings, and habitat fragmentation. The frequency of disturbance varies widely. For 
example, in California chaparral fires occur every 5-30 years, whereas in northern Thai-
land dry forest flash fires occur every 1 or 2 years. There are several positive effects 
of herbivore-induced disturbances on the diversity of plant communities. First, herbivo-
res can alter the competitive interactions among plant species, sometimes removing a 
small number of dominant species and thereby allowing a larger number of less compe-
titive species to become more abundant. Another instance of the promotion of greater 
species diversity by herbivores is in areas where they frequently defecate, creating 
nutrient-rich patches for plant establishment, or where they disturb the ground by rolling 
and sand-bathing, thereby facilitating the invasion of disturbance-tolerant species (Nai-
man and Rogers, 1997). Also herbivores may increase the germination of many plant 
species with hard-seed coats via passage through their digestive tracts and subsequent 
defecation (Rohner and Ward, 1999). It was shown that continual disturbances at a very 
small scale contribute to the patchiness of the river-bed environment and therefore to 
overall species diversity of the benthos (Dobson and Frid, 1998). Low levels of frag-
mentation also break the monotony of unique, large ecological systems and enhance 
species diversity by increasing habitat heterogeneity (Figure 3.11). 

Both frequency and intensity of disturbances have been greatly enhanced in many eco-
systems by increasing human activities. This in turn had an impact on species com-
position and abundance. While the short-lived plant species, including many exotics, 
became more abundant, many long-lived species are declining steadily (Guo, 2003).
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Figure 3.11 Three hypothetical forested landscapes with constant disturbance regimes, 
of varying disturbance frequency. Habitat diversity is smaller in A and C, but higher 
in B. Landscape C, with very frequent disturbance consists mainly of young patches. 
Landscape B, with an intermediate frequency of disturbance has patches of many 
different ages, and hence higher diversity (redrawn after Palmer, 1994). 

3.2.5 The role of productivity 
The relationships between species richness and productivity and the mechanisms dri-
ving these relationships are of fundamental importance to understanding the determi-
nants of biodiversity. Productivity is the rate at which energy flows in an ecosystem. It 
can be measured either directly (e.g. as kJ/m

2
/year) or indirectly (e.g. evapo-transpira-

tion for terrestrial systems, light penetration or depth for aquatic systems). The problem 
when studying the relationships between species richness and productivity is that they 
are scale dependent (Waide et al., 1999). On some scale, productivity influences diver-
sity, but functional or species diversity seem to influence productivity on other scales.

On a global scale, primary productivity has a unimodal distribution along a latitudinal 
gradient, with a peak at low latitudes (Figure 3.12). This pattern is similar to the latitudi-
nal distribution pattern in many taxa and might partly explain it. At first it was considered 
that an increase in productivity will always induce an increase in diversity (Figure 3.13). 
The next step was to consider that as productivity rises, first diversity increases then it 
declines i.e. the relationship is (again) unimodal. Recently, various relationships were 
documented within different ecosystem types and spatial scales between productivity 
and species richness: unimodal, positive linear, negative linear or non-significant (Wai-
de et al, 1999, Mittelbach et al., 2001). 
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Figure 3.12 The distribution of net primary production according to latitude (after 
Stăncescu, 1985).

Since most described relationships are unimodal (Rosenzweig and Abramsky, 1993, 
Mittelbach et al., 2001) and all the other described relationships cover parts of the uni-
modal one, this will be my focus. The decrease of species diversity at high levels of 
productivity is difficult to explain. This should not come as a surprise since a similar 
pattern is known for a variety of other situations. Thus, while very low amounts of nutri-
ents or microelements stop or limit the growth of organisms, increasing amounts trigger 
growth, but at high concentrations a toxic, inhibiting effect is observed. The decrease 
of species richness with increasing productivity was called ‘the paradox of enrichment’ 
(Rosenzweig, 1971), referring to the observation that diversity often decreased when 
nutrients or other resources that increased productivity were added to the system. This 
is best documented for aquatic systems, where low productivity systems (e.g. open 
ocean) have low biomass but a high planktonic diversity, while high productivity systems 
(e.g. up-welling areas, lagoons) have high biomass but low species diversity. Eutrophi-
cation is a process affecting aquatic systems, both freshwater and marine. It is caused 
by high amounts of nutrients reaching the water and is associated with a decrease in 
species diversity. Likewise, the addition of fertilizer to herbaceous plant communities 
often results in a sharp decrease in species diversity (Houston, 1996). Productivity is 
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not the only answer to species richness since in most cases a variety of factors interact 
in limiting the number of species within an area. For example, for desert communities it 
was shown that physiological constraints do not prevent the colonization of the desert 
by most types of organisms and low primary productivity was suggested as the most 
plausible mechanism that limits the number of species. This hypothesis is nevertheless 
rejected by Ayal et al. (1999) who suggest that predation plays the major role in structu-
ring desert animal communities. 

The different gradients of species richness are the result of two processes (Blackburn 
and Gaston, 1996). The first sets the maximum amount of biomass that can be produ-
ced and maintained in a certain area. The second reflects the way in which this biomass 
is divided among individuals and the way individuals are grouped in species. Thus pro-
ductivity appears to be linked to the body size and relative abundance of individuals 
within an area. Tropical forests have the highest productivity and biomass per area but 
the lowest density of individuals per species. For most vertebrate groups, Bergmann’s 
rule stating that body size grows from the tropics towards the poles, is valid. In the tro-
pics the biomass is mainly distributed among a larger number of individuals of smaller 
size, with lower maintenance costs due to the high temperatures, and low densities, 
generating the observed high species richness. 

Competition seems to be one of the major factors in the structuring of biotic communi-
ties. There is an apparent contradiction between competitive exclusion (i.e. two or more 
species competing for a shared resource of which only the best competitor survives), 
and the species richness in natural communities. There are two hypotheses that attempt 
to reconcile the persistence of diversity with competitive exclusion (Sommer, 1999). 
The first explanation is in accordance to the intermediate disturbance hypothesis and 
focuses on the fact that competitive exclusion takes time, but the spatial and temporal 
variability of the environment allows the inferior competitors to find refuges in time and 

Figure 3.13 The 
relationship between 
species diversity and the 
intensity of energy flux. A 
decrease in the amount 
of energy received by the 
ecologial system from E1 
to E2 causes a decrease 
in the number of species 
from N1 to N2.
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space. The second hypothesis, the resource-ratio hypothesis, suggests that resource 
supply could be balanced in such a way that different species are limited by different 
resources and thus can coexist in equilibrium. Recent numerical models suggested 
that competition is not necessarily a destructive force and that competitive interactions 
that generate oscillations and chaos may allow the persistence of a great diversity of 
competitors on only a few limiting resources (Huisman and Weissing, 1999). Also, phy-
siological and life-history patterns are major determinants of the likelihood that species 
interactions generate non-equilibrium dynamics and thereby enhance the biodiversity of 
natural communities (Huisman et al., 2001). 

3.3 Patterns unrelated to the time-space scale 
The size of an organism has an important influence on the number of species in its 
group. There are by far, more small than large animal or plant species. For example, 
among the 4000 species of mammals, a thousand-fold decrease in weight leads to an 
approximately tenfold increase in the number of species (Wilson, 2001). Overall, it was 
noticed that the number of described animal species in logarithmic size classes has a 
unimodal distribution. It first increases from larger to smaller organisms but then begins 
to decline again when a threshold of about one mm is reached. 

In a study of insect communities sampled from Acacia trees in Tanzania, the highest 
species richness and abundance occurred at intermediate body weight (Krüger and 
McGavin, 2000).

When looking in more detail, this pattern can be further refined. Thus, in the tropics, 
small body sizes are most common, i.e. represent the mode. Moving toward the poles, 
the modal body size moves higher and higher passing through intermediate sizes and 
reaches the largest size at the highest latitudes (Rosenzweig, 1995). Although not fully 
understood, this pattern involves changes in the balance between speciation and ex-
tinction rates as a function of body size.

We must now return to the issue of scale since body size is coupled with several other 
processes like metabolic rates, abundance and habitat, making the picture more com-
plicated than previously thought. Metabolic rates strongly depend on body size and tem-
perature (Gillooly et al., 2001). When looking at the relationship between abundance 
and size, it appears that the most abundant species are the intermediate body size ones 
(Lawton, 1991). The size-area issue suggests that more species can exist within a ha-
bitat whenever they can divide up space and different-sized resources more finely. Spe-
cies also partition the habitat available according to body size, since the volume used as 
habitat by a particular species is proportional to body size. On average, the modal-sized 
species tend to occupy narrower ranges of habitat and/or smaller geographic ranges 
than species of extreme sizes, being perhaps more specialized (Brown, 1995). Smaller 
organisms can divide the environment into smaller niches than larger organisms. 

Overall, the observed patterns of species diversity are the result of various processes 
operating at different time-space scales. Our understanding of these processes and of 
their interactions is for the moment mostly unveiled. 
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4. Functional diversity

The rates and magnitudes of ecosystem processes are more consistently associated 
with functional composition and functional richness than with species richness (Diaz and 
Cabido, 2001). The observation that higher species diversity in grasslands is correlated 
with higher primary productivity (Loreau and Hector, 2001) and increased resistance 
to invasions, draws attention to functional aspects. In studying the effects of species 
diversity on ecosystem processes, we must consider the two different components that 
are species richness (already discussed in previous chapters) and functional diversity. 
Functional diversity focuses on the range of functions performed by the organisms in an 
ecosystem and not just on their number as is the case with species richness. Functional 
diversity is the key to understanding the role of an ecosystem or community.

Functional diversity is defined as the value and range of functional traits of the or-
ganisms present in a given ecosystem. The value of traits refers to the presence and 
relative abundance of certain values of size, nutrient content, dispersal ability or repro-
ductive strategies. The range of traits refers to the difference between extreme values 
of functional traits.

Two components can be differentiated within the concept of functional diversity. These 
are functional richness, defined as the difference in terms of one or more functionally 
relevant traits between organisms (actually the number of functional types), and func-
tional composition, which measures the presence and relative abundance of certain 
functional traits. Thus the total number of species in a community can be estimated as 
the product of the number of functional types and the average number of species per 
functional type (Figure 4.1). Functional types are defined on the basis of the resources 
they use, and competitive interactions are potentially intense among organisms of the 
same functional type. Individuals belonging to different functional types tend to minimize 
competitive interactions by using different resources or by the way they interact with 
their environment. The mechanisms that influence the number of functional types in a 
community are different from those that determine the number of functionally analogous 
species within a functional type (Houston, 1996). The issue is further entangled by the 
fact that different functional types do not respond to environmental changes in a similar 
way. Functional diversity analysis must go beyond the sheer species number to take a 
closer look at the roles of species within the community, but in doing so it must not con-
centrate only on the functions provided and forget about the species composition.

Perhaps the best argument in support of the functional type approach is evolution-
ary convergence, the occupation of the same niche by species from diverse adaptive 
radiations especially in different parts of the world (Wilson, 2001). This suggests that 
however intensive the adaptive radiation within a group might be (i.e. the spread of 
species of common ancestry into different niches), their options are somehow narrowed 
and focused. Distantly related organisms may independently evolve similar adaptations 
if the physical environments are similar. Some of the best examples of evolutionary 
convergence come from Australia, a continent isolated long ago, where marsupials 
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have evolved into functional counterparts of the more familiar placental mammals. For 
example, the Tasmanian wolf is the equivalent functional type of the wolf of Eurasia 
and North America. The former is the product of adaptive radiation in Australia, while 
the latter is the product of a parallel adaptive radiation in the northern hemisphere. 
Both species have converged to perform similar functions within independent adaptive 
radiations on different continents (Wilson, 2001). Sometimes functional convergence 
can pose difficult problems to taxonomists who are faced with very similar species evol-
ving independently (Houston, 1996). Plants from desert regions throughout the world 
provide excellent examples of convergent form and function. A variety of cacti genera 
from North and South America are surprisingly similar not only to each other, but also 
to the distantly related euphorbias of Africa (Brown and Lomolino, 1998). It was even 
suggested that convergence exists at the level of entire biotas, the most frequently gi-
ven example being the mammals of Australia and North America. Nevertheless, a more 
thorough analysis reveals that the differences between these two biotas far outweigh 
their similarities, possibly due to the very different environmental conditions.

Figure 4.1 The two components of total species diversity. The number of functional 
types is illustrated by the horizontal rectangles labeled 1 through m. The number of 
functionally analogous species within each functional type is indicated by the length 
of the rectangle. Not all functional types have the same number of species, i.e. n has 
different values for each functional type (redrawn after Houston, 1996). 
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Several hypotheses try to explain the functional role of species within ecosystems, all of 
which are scale dependent (Johnson et al., 1996, Boucher, 1997):
1. The Redundant Species Hypothesis (Walker, 1992) states that species loss has 

little effect on ecosystem processes if the losses are within the same functional 
group. It suggests that there is a minimal diversity necessary for proper ecosystem 
functioning. This hypothesis was oversimplified and misunderstood and led to the 
concept of redundant species, i.e. species that can be lost from an ecological system 
without impairing its functions. 

2. The Diversity-Stability Hypothesis (MacArthur, 1955) predicts that ecosystem pro-
ductivity and recovery augments as the number of species increases. Thus, all spe-
cies are considered to be important and to contribute to the ecosystem processes. 
When species diversity declines, so does the function of these processes.

3. The Rivet Pop Hypothesis (Ehrlich and Ehrlich, 1981) predicts a threshold of spe-
cies richness, below which ecosystem functions decline rapidly, and above which 
changes in species richness do not induce any changes in the functions performed.

4. The Idiosyncratic Hypothesis (Lawton, 1994) suggests that as diversity changes 
so do ecosystem processes without a general pattern. Thus, not the number of spe-
cies per se is important, but the characteristics of the species. It focuses more on the 
role of species within an ecosystem, recognizing the importance of keystone species 
(Figure 4.2). 

5. Finally, the Null Hypothesis claims that there is no effect of species diversity on 
ecosystem processes. 

Figure 4.2 The main 
four hypothesis on the 
functional role of species 
within ecosystems that 
allows to predict the 
relationship between 
diversity and functional 
attributes: (a) diversity-
stability hypothesis, (b) 
the rivet pop hypothesis, 
(c) the redundant species 
hypothesis, and (d) the 
idiosyncratic hypothesis.
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It is obvious from the variety of hypotheses presented that we are far from understan-
ding the complex interactions between species number and the functions performed, 
and the lack of agreement on these relationships is mostly due to the limited data and 
information available. Overall, all the hypotheses presented are phylogenetically rela-
ted and have come to be accepted as contextually homologous by investigators of the 
functional significance of biodiversity (Johnson et al., 1996).

Functional aspects of organisms can be studied based on morphological, physiological, 
or behavioural characteristics, while attempting to estimate the efficiency of the way re-
sources are exploited. The theory of resource utilization assumes that the rates of eco-
system processes are determined by either few species that are more efficient in using 
and converting resources or by complementarities in resource use by different species. 
Both assumptions imply different functional roles for species. According to the functions 
performed within an ecological system, species diversity can be grouped according to 
several criteria.

Based on their functional importance, species can be divided into structural or dominant 
species, which are species that create or provide habitats (ex: trees, corals, large algae 
and aquatic plants, termites, etc.), and interstitial species, which include the other spe-
cies that are usually dependent on structural species. Structural species are crucial for 
the maintenance of their communities because they typically provide the major energy 
flow and the three-dimensional structure that supports and shelters other organisms 
(Houston, 1996).

According to their use of resources, species can be grouped in different functional 
types, each consisting of a set of organisms (analogous species) sharing similar re-
sponses to the environment and similar effects on ecosystem functions. The number of 
species within each functional type is a measure of functional redundancy. Functional 
redundancy increases the reliability of an ecological system. Two or more species are 
considered redundant with respect to an ecosystem process when the disappearance 
of one or more of those species does not affect that particular process in a significant 
way because the remaining species can compensate. Functional redundancy provides 
a sort of functional insurance, i.e. constancy in functioning even when the number of 
species has decreased (Figure 4.3). High functional richness implies higher odds that at 
least some species will respond differentially to changing conditions and perturbations, 
allowing ecosystems to adapt. Species-rich ecosystems have higher adaptive potenti-
al and better chances of coping with changes according to the insurance hypothesis. 
Functional redundancy can be compared to genetic diversity. In a stable environment, 
an individual with high heterozygosity is not more competitive than an individual with a 
lower heterozygosity, but in a variable, changing environment, it stands a better chance 
to adapt and survive (Naeem et al., 1998).

The relationship between species richness and ecosystem functioning depends on the 
spatial scale. On a local scale, when species richness is low, newly added species 
compliment the existing ones, and the functions performed increase. When species 
richness exceeds the number of local limiting factors, competition for these factors may 
cause a decline in local ecosystem functioning (Figure 4.4). On a regional scale, envi-
ronmental heterogeneity allows species to coexist in different patches, thus supporting 
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an increase in ecosystem functioning as species richness increases (Bond and Chase, 
2002). This hypothesis offers a slightly different perspective on level and ecosystem 
complexity and scale and suggests that at a local level a limited loss of species may 
improve ecosystem functioning, while at a regional level loss of species causes a de-
crease in ecosystem functioning. 

Finally, there are the species that provide key roles within an ecological system (key-
stone species). Their effects are much stronger than would be predicted from their ab-
undance or biomass. In this they differ from structural species that are equally important 
but more abundant. The keystone concept was first elaborated by Paine (1969) and has 

Figure 4.3 The relationships between species richness and ecosystem properties. 
As genetically and functionally unique of singular species accumulate, a rapid rise in 
the ecosystem functions performed occur. Once a critical minimum species richness 
(CMSR) is reached, or when there are more than one species per functional group 
(i.e. redundancy), an asymptote is approached. Additional species beyond the CMSR 
are considered redundant. If keystone species become extinct this can cause dramatic 
declines in functioning. The upper plot shows that ecosystem reliability (i.e. predictability 
of functioning in the face of local extinctions) and biological insurance (i.e. constancy in 
functioning) are minimal below CMSR, but rise quickly at even low levels of redundancy 
(redrawn after Naeem et al., 1998).
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since received considerable attention. Keystones are another good example of ‘species 
more equal than others’. Only a small proportion of the species in most communities are 
likely to be keystones (Power et al., 1996). Keystone species have been identified in all 
of the world’s major ecosystem types. They are not always of high trophic status and 
can exert their role not only through the commonly known mechanisms of consumption, 
but also through interactions and processes such as competition, mutualism, dispersal, 
pollination, disease, and by modifying habitats or abiotic factors (Table 4.1). For exam-
ple, beavers are keystone modifiers with a huge impact on both terrestrial and aquatic 
habitats, and deserve being called ‘ecosystem engineers’ (Lawton and Jones, 1995).

Figure 4.4 Spatial 
scale influence on 
the relationship 
between species 
richness and 
ecosystem 
functioning (redrawn 
after Bond and 
Chase, 2002).
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Table 4.1 Major keystone classes and the potential impact of their removal (from Meffe 
and Carrol, 1994).

Class Effects of losses

Top carnivores Increase in abundance of prey species 
and smaller predators, overgrazing

Large herbivores and termites Habitat succession and decrease in 
habitat diversity

Habitat modifiers Disappearance of habitat features

Pollinators and other mutualists Reproductive failure of certain plants

Plants providing essential resources 
during scarcity Local extinction of dependent animals

Parasites and pathogens Population explosion of host species

Islands are often well isolated, and this has led to unique patterns of biodiversity caused 
by the limited numbers of species introductions, absence of certain functional types, 
and high level of endemism due to adaptive radiation within taxa. In island ecosystems 
invaders can fill vacant keystone roles because of the low diversity present (Fownes, 
1995).

Nature conservation and management can benefit from focusing on species that per-
form particular functions within an ecological system or attract public support. Focal 
species are those that, for ecological or social reasons, are believed to be valuable for 
the understanding, management and conservation of natural environments (Zacharias 
and Roff, 2001). The presence or abundance of a focal species is a means to under-
standing the composition and/or state of the more complex community. There are seve-
ral categories of focal species:
1. Indicator species are species whose presence denotes either the composition or 

condition of a particular habitat, community or ecosystem. They can be further sepa-
rated into: composition indicator species (their presence or abundance can be used 
to characterize a particular habitat or biological community), and condition indicator 
species (which indicate the condition or status of a habitat, community or ecosys-
tem).

2. Keystone species can also be considered focal species. Their removal can have a 
significant impact on a community, and therefore it is important to identify and con-
serve them. Despite the fact that there is a certain agreement among ecologists on 
the keystone species concept, when addressing conservation issues there are seve-
ral arguments against their use (Zacharias and Roff, 2001): (a) complex communi-
ties are rarely controlled by a single species and there is little empirical evidence that 
most communities are controlled by a single, or relatively few, species; (b) all species 
are keystone species to some degree, or at a certain moment; (c) identifying keysto-
ne species is difficult; (d) keystone species that demonstrate keystone properties in 
some regions may not do so in others, since they may act as keystones only under 
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a certain set of biotic and/or abiotic conditions; and (e) conservation or management 
of a keystone species does not guarantee that the conservation objectives are met.

3. Umbrella species are those which, if preserved, will also preserve other species, 
based on the assumption that the presence of a certain species in an area indicates 
that other species are also present. It is particularly popular within the conservation 
community because it implies that the management, conservation or protection of an 
identified umbrella species will protect not only the habitat and community required 
to support itself, but also the habitat for other species as well. This assumption is not 
always true, and the relationships between umbrella species and their communities 
are sometimes ill-defined, especially in marine systems (Zacharias and Roff, 2001).

4. Flagship species are tools in gathering public support for “charismatic megafau-
na”, mostly mammals and birds, but also include several fish, amphibian and reptile 
species. The conservation goal is the protection of their habitats and constituent 
species. Many of the successful environmental campaigns in history were based 
on charismatic species. Their usefulness in achieving conservation goals is beyond 
doubt, but since their choice is not based on objective, clear criteria, focusing too 
much on them might prove detrimental in the end. A dangerous pitfall in the use of 
flagships is that they attract most of the attention and resources, while other threate-
ned species with few charismatic properties may be completely overlooked.

The use of umbrella and flagship species as surrogates for regional biota whose spe-
cies diversity are poorly known are popular conservation strategies. However, most 
assumptions underlying the choice of surrogate species remain untested. For example, 
by analysing biodiversity databases containing spatial incidence data for species of 
concern in three North American regions, Andelman and Fagan (2000) found that none 
of the surrogate schemes evaluated performed significantly better than a comparable 
number of randomly selected species. They suggest that the utility of umbrella and flag-
ship species as surrogates for regional biodiversity may be limited.

There is a certain gap between taxonomists, who focus more on species richness and 
ecologists, who focus more on functional aspects. Any biological or ecological system 
can be characterized by its structure and functions. To acquire a good understanding 
of biodiversity a balanced approach that includes the study of both structural and func-
tional aspects is needed. While most conservationists focus on species and preserving 
species richness, which are major concerns, the final goal of conservation is maintai-
ning functional ecological systems.
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5. Humans as an evolutionary force

5.1 The scale of human impacts
Evolution through natural selection is the process by which successful traits are passed 
on from one generation to the next. We tend to think of evolution as an entirely natural 
phenomenon, driven largely by geographical and biological pressures. That may be 
true in a pristine environment, but few, if any, ecosystems on Earth can be considered 
pristine today. We live in a world where virtually nothing is free of human influence. Hu-
mans are now the major evolutionary force with a huge impact on the ecosphere, and 
the costs are enormous.

Human-induced changes have apparently triggered the sixth major extinction event on 
a global scale and caused widespread changes in the abundance and distribution of 
organisms (Myers and Knoll, 2001). We have modified biogeochemical cycles and have 
enhanced or reduced the mobility of organisms through the transformation of land. We 
are landscape architects (Kratochwil, 1999), modifying both terrestrial and marine sys-
tems (Jackson, 2001), and also creating a new type of ecological system – the urban 
environment, the only new ecosystem type formed after the last glaciation. By transpor-
ting species into regions that they previously could not reach through natural dispersal, 
we caused biological invasions at such an extent that entire biotas are now restructured. 
On the other hand, by fragmenting once continuous natural habitats we have created 
dispersal barriers for many other species. We have increased geographic isolation at 
different space scales, causing a higher risk of extinction, but also providing the initial 
requirements for geographic speciation (Myers and Knoll, 2001). In some areas human 
activities also maintain highly heterogeneous habitats, which can support high species 
diversity (Figure 5.1). 

Humans have become the leading geomorphic agent shaping the environment. It is 
estimated, based on weathering debris that compose continental and sedimentary 
rocks, that denundation over the past 500 million years of Earth history has lowered 
continental surfaces by several tens of meters per million years. During the last several 
thousands years, humans have started moving increasingly larger amounts of rock and 
sediments. It is estimated that construction and agricultural activities currently result in 
a denundation rate one order of magnitude higher. Nowadays humans are the prime 
agents of erosion on Earth. Presently, human caused erosion amounts to about 21 t 
per person per year, of which six come from construction and 15 are related to farming 
activities (Wilkinson, 2005). The ecological landscape changes much more rapidly than 
the geological landscape. Changes in the landscape affect biodiversity. Various reports 
suggest that the process of species divergence has been halted or even reversed by 
ecological changes. Thus, human activities – directly or indirectly – influence evolutio-
nary processes by inhibiting the process of species divergence within certain ecosys-
tems (Hunter, 2006).
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The effects of human-caused reduction and fragmentation of resources and habitats 
on species diversity are scale-dependent. Spatial heterogeneity and fragmentation 
of resources at small spatial scales has frequently been shown to be associated with 
higher species richness, since such differentiation prevents exclusion by a single su-
perior competitor (Houston, 1996). At regional scale, the effects of fragmentation are 
generally detrimental, as they adversely affect the balance between the colonization 
and extinction rates of suitable habitat patches. On a very large, macroregional scale, 
fragmentation may again have positive effects on diversity by providing geographical 
barriers and leading to speciation (Figure 5.2). Overall, about 40% of the land surface 
is now given over to agriculture, either for crop production or to raise livestock. Apart 
from fragmentation this limits severely the amount of space left for natural ecosystems 
and communities. 

Increasing human activities have enhanced both the frequency and intensity of distur-
bances in most ecosystems worldwide. While “natural” disturbances are important in 
structuring communities and in maintaining high diversity (see chapter 3.2.4), anthropo-
genic disturbances have a negative effect (Figure 5.3).

During the last decades human impacts have diversified and started to affect direct-
ly the evolutionary processes that generated and maintained the present species di-
versity. Chronic pollution for example can have lasting effects because it changes the 
environment and induces evolutionary responses to these changes. A measure of the 
contribution of human activities to global biogeochemical cycles is the anthropogenic 
enrichment factor (AEF), which is the percentage ratio between anthropogenic and total 
(i.e. anthropogenic and natural) sources. Thus, in the 1980s AEF for metals was: 97% 
for lead, 89% for cadmium, 72% for zinc, and 66% for mercury. The AEF for radioactive 

Figure 5.1 The relationship 
between the impact of 
fragmentation and species 
diversity. The initial 
fragmentation of the habitat 
from 1 to P1 increases 
the heterogeneity of the 
environment so that species 
diversity increases from 
S0 to S1. With increased 
habitat destruction and 
fragmentation there is a 
critical transition phase 
(Pc), beyond which species 
diversity decreases rapidly. 
The resilient remnant 
species (Sf) become extinct 
also when no habitat is left 
(redrawn after Metzger and 
Decamps, 1997).
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isotopes and synthetic compounds was 100% (Walker et al., 1996). The evolutionary 
responses to pollution are referred to as resistance. Many plants for example have 
developed tolerance to heavy metals. Accelerated evolutionary changes are induced 
by a strong natural selection exerted by the excessive use of drugs and pesticides on 
pathogens and pest organisms (Palumbi, 2001). 

There are now more than 100,000 different synthetic chemicals in the environment, 
with hundreds more added each year. It is virtually impossible to test them all for their 
capacity to disrupt the endocrine, nervous or immune systems of living organisms, but 
their impact is certainly non-negligible. Extensive research over the past decade has 
identified a rapidly growing list of environmental contaminants that disrupt reproductive 
processes in vertebrates (Hoyer, 2001). The issue of “endocrine disruption” originally 
focused on chemicals that mimic the action of the natural hormone estrogen. However, 
the issue has since broadened to encompass a wider concern that chemicals may affect 
the endocrine system and cause developmental and reproductive disturbances (Ba-
ker, 2001). These endocrine disruptors interfere with the endocrine systems of humans 
and animals by mimicking, blocking and/or interfering in some manner with the nor-
mal hormonal messages. The resulting disruption creates many problems with physical 
development, reproduction, brain development, behaviour, temperature regulation and 
others. There are several major sources of synthetic chemicals that can act as environ-

Figure 5.2 (A) The effect of 
fragmentation of resources 
and habitat on species 
diversity across different 
spatial scales showing the 
transition from positive 
effects on local scales (due 
to increased heterogeneity 
and coexistence), to 
negative effects on 
intermediate scales (due 
to a negative colonization-
extinction balance) to 
again positive at very large 
space scales but only for 
long time-scales that allow 
for speciation. (B) The 
response to changes is 
taxon specific (redrawn after 
Olffl and Ritchie, 2000).
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mental endocrine disruptors (EED): pharmaceuticals, pesticides, industrial chemicals 
(e.g. solvents, plasticizers), metals, and PCBs. In time EED can bioaccumulate, but 
the most dangerous aspect is that exposure to combinations of EEDs can determine a 
synergistic effect that might magnify the damage caused. Considering the large number 
of known compounds that act as EEDs - over 100 at present, it is virtually impossible to 
test and estimate the effects of the different combinations.

The transplantation of organisms into other populations of the same species is a rather 
common practice in the conservation of endangered and threatened species. The intro-
duction of alien specimens, even of the same subspecies, into a given population can 
alter its unique genetic pattern and adaptations. Dubois and Morére (1980) proposed 
the term genetic pollution for this type of impact. Recent molecular studies of population 
genetics uncovered strong evidence that certain endangered groups were composed of 
different genetic stocks. For example, the small relict population of Florida panthers, an 
endangered puma subspecies, was shown to be a mix of historic panthers and recent 
immigrants from a captive stock derived from Florida and a South American puma sub-
species (O’Brien, 1994). A recent, more complex and dangerous form of genetic pollu-
tion is caused by biotechnology that is presently inducing rapid evolutionary changes to 
an increasingly larger range of species, from bacteria, plants, aquatic invertebrates and 
fish, to mammals. The release of these genetically-modified organisms (GMO) in the 
environment is amplifying the problems and is a major cause of concern (Colwell, 1994, 
Chevre et al., 1997, Myhr and Traavik, 1999, Pascher and Gollmann, 1999, Beringer, 
2000, Brown, 2001, Sutherland and Watkinson, 2001). Due to the uncertainties related to 
the possible adverse effects of the products of biotechnology on both human health and 
the environment, the issue of biosafety was addressed by the Convention on Biological 

Figure 5.3 
Hypothetical changes 
in the number of 
disturbances on 
Earth in human 
history. Compared 
to the background of 
natural disturbances 
which are assumed 
constant, human-
caused disturbances 
have increased 
following the 
exponential growth 
of world human 
population (adapted 
from Guo, 2003).
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Box 5.1 The impact of DDT

Synthetic pesticides have become essential for our way of life even if the production and 
use of pesticides is relatively new. The insecticidal properties of DDT were discovered in 
1939. During the Second World War it was used only to a small extent but came to be wi-
dely used thereafter for the control of agricultural pests, vectors of disease, ectoparasites 
and insects in domestic and industrial premises (Walker et al., 1996). In the 1950s several 
cyclodiene insecticides (e.g. aldrin, dieldrin, heptachlor) came into use followed by many 
other synthetic pesticides (organophosphorus, carbamate, pyrethroid, phenoxy, anticoa-
gulant rodenticides etc.). Global pesticide production has risen at least tenfold over the 
past 40 years and is expected to increase by 270% over current levels by the year 2050 
(Tilman et al., 2001). Despite the growing body of evidence on the multitude of negative 
effects on biodiversity related to the use of pesticides, including serious health hazards for 
humans, their production has increased steadily worldwide. Every year farmers in the USA 
use an estimated 440,000 tons of pesticides (Brown, 2001). In 1984 the equivalent of over 
$16 billion was spent on pesticides worldwide. The USA spent one third of the sum, using 
more than three times as much pesticides as any other country, followed by Japan and 
France (Helsel, 1992). In the USA the production of pesticides had an annual increase of 
3% during 1986-1996, with annual sales exceeding $5 billion. If the amount of pesticides 
used in the USA is divided by its country’s population, the result is about two kg pesticide/
person/year.

By 1950 already 30 species were resistant to pesticides and the number rose in 1969 to 
225 species of insects and mites (Brown, 1969). By 1990 over 500 arthropod species had 
evolved resistance to at least one insecticide (Palumbi, 2001, Walker et al., 1996). The 
rate at which species evolve resistance to pesticides has decreased to less than a decade 
for insects and is estimated to vary between 10-25 years for weeds (Figure 5.4). Bacteria 
evolve resistance to antibiotics at an even higher rate. The fastest rate at which resistance 
to a new drug evolves is in retroviruses with RNA genomes (Palumbi, 2001). The exces-
sive use of pesticides and antibiotics is accelerating the spread of resistance. Thus, an 
extremely dangerous practice is the addition of relatively small amounts of antibiotics in the 
feed of livestock and poultry for promoting faster growth.

Figure 5.4 Changes in a 
pest population induced by 
the use of DDT. Despite the 
initial heavy mortality and 
population decline after the 
DDT treatment, soon after 
a high proportion of the 
population is resistant. The 
population size is renewed 
from a pool of the few 
surviving individuals that 
are resistant. 
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Diversity. After several years of negotiations, the Cartagena Protocol on Biosafety was 
finalized and adopted in January 2000. It was perceived as an international regulatory 
framework that tries to reconcile the respective needs of trade and environmental pro-
tection with respect to the rapidly growing biotechnology industry. The first commercial 
planting of genetically modified crops started in 1992 in USA, and by the year 2004 they 
covered more than 81 million hectares worldwide, almost 5% of the total arable area 
(Brown, 2001, James, 2004). The major plants cultivated are represented by GM soya 
beans (60% of the area), corn (23%) and cotton (11%) (James, 2004) (Table 5.1).

Table 5.1 The 10 major GMO cultivating countries in 2004 (James, 2004). 

No. Country Area cultivated 
(million ha)

Percentage of 
arable land Plant species cultivated

1 USA 47.6 59 Soya, corn, cotton, canola
2 Argentina 16.3 20 Soya, corn, cotton
3 Canada 5.4 6 Canola, corn, soya
4 Brasil 5.0 6 Soya
5 China 3.7 5 Cotton
6 Paraguay 1.2 2 Soya
7 India 0.5 1 Cotton
8 South Africa 0.5 1 Corn, soya, cotton
9 Uruguay 0.3 <1 Soya, corn

10 Australia 0.2 <1 Cotton

The advantages of biotechnological products are often easily conceived, while the costs 
are difficult to appreciate considering the uncertainties and risks coupled to our imper-
fect knowledge. The benefits may be harvested and enjoyed in the short-term whereas 
harmful consequences may only become apparent after extended periods of time (Myhr 
and Traavik, 1999). Already several negative environmental impacts related to the in-
troduction of GMOs are being reported. Once the natural barriers between species are 
artificially removed, gene transfer can occur in nature between the released GMO and 
wild relatives (Timmons et al., 1994, Skogsmyr, 1994), the introduced gene can suffer 
mutations, or it can be transferred horizontally. Minimizing the possible risks to the envi-
ronment and human health, allows deriving maximum benefits from the potential that bi-
otechnology has to offer (Secretariat of the Convention on Biological Diversity, 2000).

Humans also proved to be a highly efficient predator on a global scale. Through the 
elimination of a large number of species, however regrettable, we have perhaps created 
space in the arena for evolution. We are also providing dispersal for many species, and 
thus we have accomplished an unprecedented redistribution of the Earth biota, perhaps 
best described by ‘mcdonaldisation’ (Boudouresque, 1999). Human-caused biotic inva-
sions are done in ecological time among regions that were isolated during evolutionary 
time-scales (Carlton, 1999). Also, by releasing increasing amounts of chemicals and 
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radionuclides, many of which are mutagenic, and by reducing the ozone shield causing 
in turn increased ultraviolet radiation, we are inducing a higher mutation rate.

Overall, humans have created conditions for a new period of quantum speciation. If we 
manage to reduce the pressures on the environment this could take place. We must 
nevertheless keep in mind that the episodes of recovery after mass extinctions were 
documented in the geological record to last on average five million years (Erwin, 1998). 
It is definitely a time lapse too prolonged to count on. Evolution is also mostly unpre-
dictable, at least for the moment. Only some taxa might benefit from these conditions, 
the majority of them being small bodied. We might probably have more new species 
of insects than we could ever account for, but large vertebrates cannot hope to evolve 
further. Facing high risks of extinction and with no possibility to evolve, they are almost 
certainly doomed to extinction (Myers and Knoll, 2001).The future looks gloom for the 
moment. What is certain is that we are facing a major extinction crisis and there is no 
forecasting how it will end.

5.2 Humans as major predators of the Earth’s fauna
The present human-induced massive extinctions tend to be described as a conse-
quence of our technical development. Many people look at present indigenous and tra-
ditional cultures as excellent examples of sustainable use of natural resources. Beltrán 
(2000) for example, states that “indigenous and other traditional peoples have long 
associations with nature and a deep understanding of it. Often they have made signifi-
cant contributions to the maintenance of many of the earth’s most fragile ecosystems, 
through their traditional sustainable resource use practices and culture-based respect 
for nature”. Without fully disagreeing with this statement, it must be remembered that it 
is not just modern humans who destroy nature, but humans as a species have proved 
extremely destructive. Many cultures, tribes, kingdoms and even empires have disap-
peared from history because of the environmental damages caused (see Hughes, 2001 
for examples). Selection operated at this level by eliminating highly destructive cultures 
and allowing the persistence of more nature-friendly ones. It is important to realize that 
humans have been causing extinctions for a long time. Ever since humans developed 
tools and started using fire, they have been increasing their population and expanding 
their geographic range. They altered habitats and hunted or harvested other organisms, 
competing for resources with many species (Brown, 1995). The result has been a wave 
of human-caused extinctions that began at least 50,000 years ago and has built up to its 
present magnitude. For example, it was shown that there is a good correlation between 
the start of the recent extinction episodes and human arrival (Table 5.2).

Humans caused extinctions after colonization of new habitats either directly, through 
hunting and collecting, or indirectly (Brown, 1995, Wong, 2001). Indirect extinctions 
were caused by introduced animals and plants, either voluntarily (dogs, pigs, goats etc.) 
or accidentally (rats), introduced diseases and parasites, and by the changes in vegeta-
tion structure that induced landscape modifications (fires, erosion etc.).
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Table 5.2 Time of start of major extinction episodes (years before present), coinciding 
with human arrival or documented for recent periods (data from Brown 1995, James, 
1995, Pimm et al., 1995, Tyrberg, 2000, Diamond, 2001, Foreman, 2004).

Region Time of arrival 
(years before present)

Africa and Southeast Asia 50,000
Australia and New Guinea 30 - 50,000
North Eurasia 13,000
North America 11,000
South America 10,000
Caribbean Islands 3 - 7,000
Mediterranean Islands 5,000
West Indies 4,000
Fiji, Samoa, Tonga 3,500
Wrangel Island (Siberian Arctic) 3,500
Hawaii 1,400
New Zealand 900
Madagascar 800
Chatham Islands 450
Galapagos 200

Humans were highly selective predators, generally focused on large mammals and 
flightless birds. The only continent where large mammals survived is Africa, because 
humans originated in Africa and many African species were able to co-evolve with hu-
mans and adapted to the relatively gradual changes in habitats and hunting methods 
(Brown, 1995). In contrast, when humans colonized new continents and islands, the 
speed of the changes in habitat structure and the hunting pressure were too intense for 
many animals to adapt and survive (Tables 5.3 and 5.4).

Table 5.3 The different rates of extinction during the Pleistocene of herbivore mammals 
from America, Europe and Australia according to size estimated from fossil records 
(from Raup, 1993).

Size Rate of extinction
> 1000 kg All herbivores

100 - 1000 kg 75% of herbivores
5 - 100 kg 41% of herbivores

< 5kg < 2% of herbivores
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Table 5.4 Size dependent extinction rates in North American mammals during the last 
glaciation (from Raup, 1993).

Initial number  
of taxa

Number  
of taxa extinct

Rate  
of extinction (%)

Small size
 Species 211 21 10
 Genera 83 4 5
Large size
 Species 79 57 72
 Genera 51 33 65

The suggested scenario for the massive Pleistocene extinctions in North America invol-
ves several cascading stages (Owen-Smith, 1989):
1. Hunting reduced or eliminated the largest mammalian herbivores.
2. Without the disturbance caused by their browsing, most of the grasslands were sup-

pressed and forests expanded their range.
3. Many species adapted to open habitats had their range fragmented and their num-

bers reduced.
4. Large predators and carrion feeders/scavengers which were deprived of food also 

became extinct.
Over-exploitation can also induce rapid evolutionary changes. Fishing is a good ex-
ample of human-induced selection. Exploited fish populations suffer a highly selective 
mortality, where few larger and/or older individuals remain. This occurs not only becau-
se fishermen usually exploit large individuals, but also due to regulations that impose 
a minimal size for harvesting, ensuring selective harvest of larger fish. Such harvesting 
practices will favour genotypes with slower growth and/or earlier age at maturity. Thus 
Ricker (1981) reported that under heavy fishing pressure fish evolve slower growth ra-
tes and thinner bodies, allowing them to slip through gill nets. Whale sharks (Rhincodon 
typus) are the world’s largest fish, reaching up to 20 m in length and living up to 150 
years. They are filter feeders on small marine organisms. They are caught for food in 
some East Asian countries and in a decade their average size has shrunk from seven to 
five meters. Even after considerable reductions in fishing pressure some over-harves-
ted fish populations fail to recover. The reasons are still unclear but may involve genetic 
changes in life history traits that are detrimental to population growth when natural en-
vironmental factors prevail (Walsh et al, 2006).

Sport hunting also has an important detrimental impact since it selectively harvests 
most often individuals of higher genetic and breeding value. Prolonged trophy hunting, 
if targeting heritable traits, can rapidly affect the genetic structure of the population. 
For example, in bighorn rams (Ovis canadensis) hunted for more than 30 years, body 
weight and horn size have declined significantly over time. Both traits (i.e. body and 
horn size) are highly heritable and trophy-harvested rams were of significantly higher 
genetic breeding value for the traits considered than rams that were not harvested. 
Rams of high breeding value for these traits were also shot at an early age and thus did 
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Box 5.2 Over-fishing

The ocean has always been a major provider of food for human populations inhabiting coastal 
areas. The view that the ocean is an unlimited supplier of resources led to an unrealistic and 
unsustainable exploitation of this huge, but nevertheless limited, food resource. Human attitude 
in exploiting the living resources of the ocean have remained, even today, that of a gatherer and 
hunter. Fishing is considered a right, rather than a privilege, thus restrictive management cannot 
be justified without conclusive evidence of adverse effects. Unfortunately, we now have ample 
proof of the destructive impact of marine fishing industries (Figure 5.5). 

Figure 5.5 The state of world fish stocks in 2004 (Fishery Resources Division, 2005).

Based on the wrong premise that fish were inexhaustible the fishing fleet grew rapidly after the 
1950s. For example, between 1970 and 1990 the world’s fishing fleet grew at twice the rate of 
global catch. Not only the number of fishing vessels increased but also the technological tools 
used to catch them became more and more sophisticated: sonar, helicopters, drift nets, satelli-
tes etc. What actually happened was a real “war on fishes”. To catch fish worth $70 billion, the 
fishing industry spent $124 billion, of which $54 billion came from taxpayers (Safina, 1995). It 
is not only that the world fishing fleet is overdeveloped and still operates despite losses, due to 
a complex system of subsidies, but that wasteful and destructive capture methods continue to 
be used. Several fishing methods are still in use despite being mostly banned, like cyanide and 
dynamite fishing, or the use of destructive gear such as driftnets and bottom trawling. The catch 
is composed not only of fish that are landed and sold, but also fish and other marine organisms 
(starfish, marine mammals, seabirds, marine turtles) that are discarded and subsequently most 
often die. The level of discarding is very variable, and ranges between 10-33% of the total catch. 
According to FAO, estimates in 1996 discards amounted to 20 million tons but decreased in 
2004 to 7.3 million tons. This is not only due to better fishing practices, but also to a decrease 
of fish availability and increased use of previously discarded fish. To maintain and increase the 
amount of fish landed, fisheries catches increasingly originate from deep, offshore areas, not 
previously fished and from shifting from large fish feeding species to smaller, plankton, benthos 
and algae feeding species. Fishing has thus become a poster for poor natural resource ma-
nagement and an indicator for the health of the ocean.
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not achieve high reproductive success. In response to the unrestricted trophy hunting, 
the population achieved smaller-horned, lighter rams and fewer trophies (Coltman et 
al., 2003). The strong selective pressure of trophy hunting has induced an undesired 
evolutionary response, difficult and slow to revert back to the pre-hunting conditions. 

Humans are also very efficient competitors, virtually eliminating other lesser competing 
species. Due to our high adaptability, we have colonized almost the entire surface of the 
Earth. Our broad food spectrum has permitted us not only to directly consume a large 
variety of organisms, but at the same time to compete with other species utilizing the 
same food resource. What adds to our efficiency in utilizing natural resources is the fact 
that whatever could not be directly consumed, we have domesticated species that were 
edible and could use that resource. Thus, every time we eat a burger we actually eat the 
grass transformed by the cow into meat. 

The obvious conclusion from this brief incursion into human impacts in time casts a 
shadow of doubt on the traditional approaches to conservation and management of 
biodiversity that should not be assumed to be necessarily sustainable and are usually 
given more credit than deserved. It is not just present-day society that is destructive, it 
is just that now we have the means to destroy more and at a higher rate.

5.3 Introduction of alien species
Human-driven biotic invasions have already caused wide alteration of the Earth’s biota, 
changing the roles of native species in communities, disrupting evolutionary processes, 
and causing reductions in the abundance of native species, including the extinction of 
many of them (Mack et al., 2000). These alterations constitute a threat to global biodi-
versity, second in impact only to the direct destruction of habitats. Invading species are, 
by any criteria, major agents of global changes today. Invasions that take place at very 
low rates are natural processes. It is the present high rate of invasions that is unusual. 
For example, for two isolated archipelagoes it was estimated that the rate of new plant 
species introductions was 1/100,000 years for Hawaii and 1/10,000 years for Galapagos 
archipelagoes, before human colonization, while at present the rate is between 2-4 new 
species per year. For most countries, the number of documented introductions is within 
the range of 100-10,000 species, but the figures are definitely underestimated since 
many introductions go undetected (Lodge, 1993). A recent re-evaluation of the status of 
more than 1,000 marine coastal water species considered naturally cosmopolitan, sug-
gests that they may actually represent overlooked pre-1800 invasions (Carlton, 1999). 
This human-mediated addition of non-indigenous species was defined as xenodiversity, 
to indicate their structural and functional diversity (Leppäkoski and Olenin, 2001).

Invasions are more often a symptom of other kinds of human disturbance, disruption 
and destruction, than a serious cause of such change. It was suggested that invading 
species are just one of the responses of the ecosphere to human-induced changes 
(Lugo, 1994). The present change in species composition is not a chaotic one; it is a 
process that is responding to fundamental changes in the conditions of the planet. Hu-
man activities generate the changes in the environment that power the response of or-
ganisms through adaptation, evolution or formation of new communities (Lugo, 1994).



79

The present day perception of invasions is a strongly biased one, focused on just a 
small number of species, extremely aggressive, which can cause huge damage to the 
existing native species of the invaded ecosystems. Behind the scene however, there is 
a plethora of species, less conspicuous, that have little impact on the invaded commu-
nities and in most cases pass unnoticed, representing already an important percentage 
of the species diversity in many parts of the world (Lozon and MacIsaac, 1997).

There is a vast terminology that refers to introduced species (e.g. alien, exotic, invasive, 
nonindigenous). Any species on earth can become invasive; they need not originate 
from tropical, ‘exotic’ areas only. Figures 5.6 and 5.7 present the major steps in the pro-
cess of invasion and define species according to their success.

Figure 5.6 The main steps of the invasion process.
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Human mediated invasions can be either unintentional or intentional. Unintentional or 
accidental introduction occurs when humans unwillingly provide the transport between 
the native region and the new habitat. It is a simple act of carrier through the newly 
created invasion corridors (i.e. a transportation system and pathway that facilitates the 
long-distance dispersal of species toward particular regions). The flux of species along 
a corridor is not symmetric, most frequently it is strongly biased toward one end. The 
most important routes of introductions are due to aerial traffic, shipping (when ballast 
water is involved), and the increased use of containers in transportation (Lodge, 1993, 
Carlton, 1999, Mack et al., 2000). For example, it was recently shown that there is an 
increase in alien species establishing on subantarctic islands. This has reduced floras 
and faunas, and in combination with recent changes in climate they are especially pro-
ne to invasions. The recent increase in human visitor frequencies, especially scientific 
expeditions, is blamed for this (Whinam et al., 2005).

Intentional, deliberate introductions can be either authorized or unauthorized. Their 
scope is limited, focused on immediate gains, with no long-term perspective. The spe-
cies involved have a certain “economic” value in agriculture, forestry, fisheries, hunting 
(game species), pet and plant trade (aesthetic species), or for the biological control of 
pests (parasites and predator species) (Meffe and Carrol, 1994).

Figure 5.7 The fate of alien species invading a new ecosystem starting from a small 
number of individuals: (a) fails to establish, (b) acclimatized (i.e. they survive but do not 
reproduce), (c) non-invasive, and (d) invasive.
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There are also historical shifts on the human-mediated global movement of plant weed 
species from Europe to North America and Australia, that can be divided in three pha-
ses: accidental, utilitarian, and aesthetic (Mack and Lonsdale, 2001). The accidental 
phase is when European immigrants accidentally brought weed species. During the 
second, utilitarian phase, more and more species were introduced by the colonists and 
new weeds emerged from the deliberately introduced species. The last phase occurred 
later and resulted in the import of ornamental plants, not only from their native country, 
but from all over the world

There are differences between the invasions of aquatic (both freshwater and marine) 
and terrestrial ecosystems (Ricciardi and MacIsaac, 2000). The invasions of aquatic 
ecosystems are mediated by dispersal opportunities and favourability of abiotic con-
ditions (environmentally mediated), while the invasions of terrestrial ecosystems are 
mediated by dispersal opportunities but also require reduced competition and predation 
in the recipient ecosystem (community mediated).

Many invaders occupy new ranges at an accelerated rate, with pronounced lag (slow) 
and log (rapid) phases of proliferation and spread. The initial slow rate of range oc-
cupation may be indistinguishable from the rate of spread displayed by non-invasive 
species (Mack et al., 2000). More than 300 species of Red Sea and Indo-West Pacific 
Ocean origin have invaded and settled in the Mediterranean through the Suez Canal 
since 1869. Due to its extent the process was termed Lessepsian migration, after Fer-
dinand de Lesseps, the constructor of the canal (Por, 1978). It was long expected that 
Lessepsian migration will eventually approach a plateau, but this has not yet happened. 
In time, the rate of invasion has even slightly increased. Now Lessepsian migrants repre-
sent about 4% of Mediterranean species diversity and almost 10% in it’s eastern part 
(Boudouresque, 1999). 

The effects of invasions depend a great deal on which species and which communities 
and ecosystems are involved. A possible reason for which some species become pests 
when introduced to new areas is that they have left most of their parasite burden be-
hind, thus gaining vigour and losing an important control agent (Clay, 2003). There are 
several important questions that must be considered when attempting to understand 
the patterns and processes in invasion biology (Meffe and Carroll, 1994): What makes 
an introduction successful and why? Is it just a question of chance, is it mediated by 
interspecific interactions (competition, predation), or by abiotic conditions? Which nati-
ve species are most likely to be affected and even become extinct? Should we protect 
only rare species and species with fluctuating abundance in time? Which invaders will 
cause extensive extinctions of native species? We know already that several taxa have 
proved extremely destructive until now: mosquitofish (Gambusia sp.), domestic cats, 
rats, goats, vines, zebra mussel (Dreissena sp.), fire ants, Pinus sp. etc. Which native 
species extinctions will have great impacts? Which species (either keystone or struc-
tural species) might cause secondary extinctions? A panel of scientists has recently 
tried to give an answer to most of these questions (Mack et al., 2000), and I will briefly 
present their views.
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5.3.1 The impact of alien species
The effects of invasions are diverse and interconnected but while each case study is 
unique, there are nevertheless several clear patterns. For example, animal invaders 
can cause extinctions through predation, grazing, competition or habitat alteration, while 
plant invaders can alter the fire regime, nutrient cycling, hydrology or energy budget 
(Mack et al., 2000). Most invaders will fit into one of the following categories, depending 
on the invaded community:
• Neutral, i.e. no noticeable effect and only contribute to an increase of species rich-

ness.
• A specialized species that can replace through competitive exclusion a similar native 

species.
• A generalist species can cause the extinction of several native species, either direct-

ly through competition or predation, or indirectly through changes of the habitat or 
trophic resources (Hatchwell, 1989).

• Similar, related species can hybridize, affecting the genetic structure of the native 
species or even eliminate them. They can also produce viable and fertile individuals 
that in turn can prove to be extremely successful invaders (Mack et al., 2000).

• Can cause major changes in the invaded ecosystem, acting as a keystone species 
or eliminating a native keystone species.

• The impact of a parasite/pathogen varies depending on its damaging potential and 
number of host species, but may have a major effect if the host species is a keystone. 
The invaders can be hosts themselves to dangerous parasites/pathogens. There are 
some very well documented studies on the impact of alien species introductions 
and emerging human infectious diseases. For example, it is estimated that about 56 
million people died due to introduced diseases in association with European explo-
ration of the New World (Bryan, 1999). The threat posed by alien species to human 
health has lead to a multitude of national and international cooperation projects and 
strategy elaboration. While we are aware of the risks posed to human health, it is 
important to keep in mind that the impact of alien species on native populations of 
plants and animals is devastating and, except for the species with direct economic 
value, not monitored. The same prevention methods used for humans should be 
valid in dealing with pathogens and parasites.

Perhaps the ecosystems most affected by invasions are islands. Many island ecosys-
tems throughout the world are now dominated by alien species which have in some 
parts surpassed in number native species, creating new biotic assemblages as the old 
ones disappear (MacDonald and Cooper, 1995, D’Antonio and Dudley, 1995, Mooney 
and Dudley, 1995).

Mass invasions can have a more severe impact by causing a so-called invasional melt-
down. As the cumulative number of attempted and successful introductions increases, 
each perturbing the system and possibly facilitating one another, the recipient commu-
nity becomes more and more easily invaded over time. The positive interactions among 
invading species thus tends to stimulate further invasions, until a new community is for-
med, a hybrid between the native survivors and the newcomers, perhaps better adapted 
to cope with the human-induced changes. This phenomenon is probably occurring in 
Hawaii and also in the Great Lakes in North America. In the latter, a series of success-
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ful invasions from the Black and Caspian Seas region tend to reconstruct their original 
food-webs in the newly invaded ecosystems (Ricciardi and MacIsaac, 2000).

Invasive species can also have a major economic impact. Thus it is estimated that 40% 
of crop pests in the USA, 30% in the UK, 36% in Australia, 45% in South Africa, 30% in 
India and 35% in Brazil are alien species. The damage and control costs are estimated 
at more than $314 billion per year worldwide (Pimentel, 2002).

5.3.2 A time-scale perspective on invasions
The present rate of invasions will lead to drastic changes in species diversity throug-
hout the world (Mooney and Cleland, 2001). Nevertheless, high species diversity sites 
will in the future also have high species diversity, only the composition will be different. 
We should distinguish between the certainly detrimental, destructive invasions whose 
prevention should be a priority, and the other invasions that might just contribute to an 
increase in species diversity (Lugo, 1994). Alien species can be very successful in the 
short-term, but alien-dominated ecosystems appear to be unstable in the long-term 
(MacDonald and Cooper, 1995).

In the short-term, invasions have destructive effects and tend to homogenize biodiversi-
ty. The main result of biological invasions is the replacement of many species, ‘losers’, 
with a much smaller number of expanding species, the ‘winners’ (McKinney and Lock-
wood, 1999). There are nevertheless also some potential short-term benefits from inva-
sions since invasive species are a useful tool in the maintenance and management of 
ecosystem processes and in land rehabilitation and reconstruction of degraded ecosys-
tems where natural succession is arrested (e.g. Eucalyptus sp., Myrica faya). They can 
also be used to stock man-created ecological systems. For example, reservoirs are not 
successfully populated by native fish species adapted to flowing water, but introduced 
non-native species adapted to lakes can thrive. Invasive species are often used with 
success in biological control programs to control and eradicate other invaders (Knight, 
2001). 

There are some potential benefits of invasions in the long-term since invaders are 
normally well isolated from their original area, and eventually will evolve into different 
species. A high rate of speciation in certain taxa of invasive species is predicted. This 
process of speciation might decrease over time the present trend of uniformity (Lugo, 
1994). Sometimes rare or threatened species in their native habitat can survive in a new 
habitat. Invaders add to the local and regional species pool and increase species di-
versity (Lozon and MacIsaac, 1997). Many consider this as an oversimplification, which 
tends to mask the negative effects on the native fauna (Figure 5.8). Non-indigenous 
species contribute not only to an increase in species richness, but also to the functio-
nal diversity (i.e. the range of functions performed) of the invaded ecological system 
(Leppäkoski and Olenin, 2001). Exotic species represent also an extraordinary tool in 
understanding the major ecological processes and more research should focus on un-
derstanding their role and impact. For example, the concept of saturation in species or 
the concept of biotic resistance (which predicts that communities become more resis-
tant to invasion as they accumulate more species) can be tested this way.
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It must be emphasized that the above arguments are not intended to promote or even 
justify biological invasions. Unfortunately, biological invasions are a reality that we must 
live with but also understand, limit, and predict as much as possible. The rates of spe-
cies introduction continue to increase and, in most cases, when a species becomes 
invasive the process is irreversible.

5.3.3 Management objectives in dealing with invasive species
The consequences of biological invasions are often so severe that they must be curbed 
and new invasions prevented (Mack et al., 2000). There are several fundamental objec-
tives in a successful strategy of coping with invasive species. The first one is to be able 
to predict the future of invasions, which is difficult to achieve, but several quantitative 
approaches look like a promising breakthrough (Kolar and Lodge, 2001). Secondly, 
prevention/exclusion is less costly than post-entry control and obviously has no det-
rimental effects. The main concern is to identify the species that should be prevented 
from entering. The precautionary principle “guilty until proven innocent” should prevail in 
decision-making (Mack et al., 2000). It is recommended to complete environmental im-
pact assessment, risk analysis, and cost-benefit analyses when considering proposals 
to import species for perceived economic benefits. Also, industries or sectors of activity 
that benefit from introduced species (e.g. aquaculture, forestry, aquarium fish industry 
etc.) should no longer be allowed to externalize the costs of the harmful invasions they 
cause (Richardson, 1999). Early detection and rapid assessment can limit the dama-
ge and allow for efficient control methods. Monitoring sites most likely to be invaded, 
like airfields, ports and docks is a good method. Early detection makes the difference 
between being able to employ feasible offensive strategies (eradication) or use long-
term, costly and less effective defensive strategies for containment. Finally, control, 
containment or eradication are the ultimate solutions when facing a destructive invading 
species, but they rarely succeed and are extremely expensive. The impact of several 
invading species makes it necessary though to apply these measures (Simberlof, 2001, 
Zavaleta et al., 2001). Introduced marine species are the most difficult, if not impossible 
to eradicate (Boudouresque, 2001). 

International law regulating the unintentional introduction of harmful exotic species th-
rough trade is weak. Also, in the past, biological considerations regarding pest risks 
have not necessarily outweighed economic considerations (Jenkins, 1999). A review of 
exotic species used in forestry revealed that the species that cause the greatest pro-
blems are those that have been most widely planted and for the longest time. Also, the 
most impacted areas have the largest histories of intensive planting (Richardson, 1999). 
From this point of view, free trade is an extremely dangerous approach when dealing 
with the risks of exotic species. Due to the seriousness of the problem of invasions, 
the World Conservation Union (IUCN) has produced the ‘Guidelines for the prevention 
of biodiversity loss due to biological invasions” (http://www.iucn.org/themes/ssc/publi-
cations/policy/invasivesEng.htm). Also within the IUCN there is an Invasive Species 
Specialist Group which has recently started The Global Invasive Species Database 
(http://www.issg.org/database) which also includes a list of the 100 worst invasive ali-
en species. The important issue of non-indigenous species was also included in the 
Convention on Biological. Diversity (Article 8, h): “Contracting Parties shall, as far as 
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possible and appropriate, prevent the introduction of, control or eradicate those alien 
species which threaten ecosystems, habitats or species.”

Figure 5.8 Distant regional species pools can take advantage of the new migration 
corridors and contribute to the local species pool. Invasive species can afterwards 
extend their range through the newly invaded region.
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6. Humans and biodiversity
Biodiversity, the planet’s most valuable resource  

is on loan to us from our children.

6.1 The human socio-economic system
We are constantly reshaping the Earth in answer to our needs. At the same time we 
complain about what we are losing and think about how great nature must have been 
before. We cannot and should not look to the past, Earth will never look like it was 
before humans started colonizing all terrestrial habitats available and changing, by ac-
cident or on purpose, the structure and functions of natural ecosystems. What should 
be our concern now is to keep the new world we are creating habitable, both for us and 
for as many as possible of the living organisms that are embarked on the same planet 
with us. One of the greatest mistakes made by humans today is to think about themsel-
ves as existing and acting without reference to other forms of life. No species exists in 
complete isolation; each one is related to the others in a living system (Hughes, 2001). 
Biological conservation has tended to be a matter of heart (Crozier, 1997) and this is not 
a tenable view anymore. There is little choice left, either the rapid implementation of a 
sustainable approach, or an environmental catastrophe on a global scale. Conservation 
should start thinking big, not just at local and national levels, but on regional and global 
scales, while biodiversity management should focus on long-term goals.

The human socio-economic system has evolved slowly over a long period of time but 
developed faster, with a steadily increasing rate, after the Industrial Revolution, starting 
in the second half of the eighteenth century (Cogălniceanu, 1999). It has extended spa-
tially and, although still a subsystem of the ecosphere, it tends to take control over it. 
Odum (1993) provides an excellent description of the human socio-economic system, 
of its similarities with natural ecological systems and its unique features. I will briefly 
try to summarize the characteristics of the development of the human socio-economic 
system within the ecosphere. The human socio-economic system extends continuously 
in space, as patches among natural and semi-natural ecological systems. The number 
of connections between its components and with the ecosphere increases. While the 
connections between components enhance its functionality and complexity, the con-
nections with the ecosphere allow for more natural resources and transfer of more de-
graded matter and energy. There is an increased rate of transfer of matter, energy and 
information along these connections (Figure 6.1). Last but not least, humans modify 
the genetic diversity of the ecosphere through artificial selection, genetically modified 
organisms, non-random extraction of individuals etc.

Human socio-economic society directly or indirectly uses or destroys an estimated 25% 
of the primary production of the ecosphere, of which 40% of terrestrial and 2% of aquatic 
systems according to Haberl (1997). More that 99% of the total worldwide human food-
supply is produced on land, whereas only 0.6% comes from oceans and other aquatic 
ecosystems. To produce enough animal food products for the growing world population, 
about 20 billion domestic animals are maintained worldwide, 9 billion of which are raised 
in the USA only. The biomass of domestic animals worldwide outweighs that of the hu-
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man population by 2.5 times (Pimentel et al. 1997). Each year, humans, livestock and 
crops produce approximately 38 billion metric tons of organic wastes worldwide.

By developing and expanding, humans have racked havoc throughout the ecosphere. 
Nevertheless, for the most part human impacts are not done on purpose, so what are 
the motivation and socio-economic pressures behind them? Most human activities with 
a destructive impact on biodiversity, like overexploitation of resources, pollution, and 
introduction of alien species are the result of deeper forces and failures. The main 
factor of concern that puts a tremendous pressure on the environment is the human 
population growth. High fertility rates continue to threaten both the environment and 
human well-being (Lutz and Shah, 2002). The second major problem is the uneven dis-
tribution of wealth. These problems are caused and aggravated by a variety of cultural 
problems and by the failure of institutions and economies to cope with them (Jeffries, 
1997, Cogălniceanu and Cogălniceanu, 1998).

There is an increased pressure on natural resources due to the steady human popula-
tion growth (Table 6.1). The human population growth of the last century has been truly 
phenomenal. It required only 40 years after 1950 for the population to double from 2.5 
billion to 5 billion. This doubling time is less than the average human lifetime. The world 
population passed 6 billion just before the end of the 20th century. 

Table 6.1 The rate of population doubling in different areas of the world (adapted after 
Population Reference Bureau Inc., 1992 World Population Data Sheet).

Region Rate of population doubling (years)

Global
Developed countries
Underdeveloped countries
 Europe total
 North Europe
 West Europe
 Central and Eastern Europe
 South Europe
 North America
 Australia and New Zealand
 Africa 
 Asia and Pacific Islands
 Latin America

41
148

34
338
242
398
369
344

77
116
23
37
32

This increase is also accompanied by an uneven spatial distribution (i.e. people moving 
from villages to cities) and an increased and uneven partitioning of consumption rates. 
Humans living in the highly modified urban ecosystems have increased from a mere 
3% in 1800 to 29% in 1950 and have reached almost 50% presently. Life expectancy 
is also increasing (Table 6.2) causing a shift toward old age, especially in developed 
countries.
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To feed the rapidly growing human population, an increased agricultural development 
is forecasted (Tilman et al., 2001). Thus, over the next 50 years, model projections sug-
gest that rates of habitat destruction, water consumption, and emissions of agricultural 
pollutants will increase drastically. Such changes will be greatest in developing nations 
which also sustain a disproportionately large fraction of the Earth’s biological diversity 
(Laurence, 2001). There is a huge stock of potentially useful species. For example, of 
the approximately 250,000 known species of plants, about 12% are edible. Of these 
only about 120 species are cultivated and 12 make a major contribution to food produc-
tion.

Rees (1996) proposed, as a measure of the human impact on Earth, the ecological foot-
print. It is defined as the corresponding area of productive land and aquatic ecosystems 
required to produce the resources used, and to assimilate the wastes produced, by a 
defined population at a specified material standard of living, wherever on Earth that land 
may be located. Thus, the ecological footprint of the average person in the developing 
countries is half a hectare, while that of a United States citizen is five hectares. For the 
entire current world population to pull itself up to USA levels with the present technology, 
at least two more similar planets are required (Wilson, 2001). 

Due to the rapid population growth and to increased soil degradation, there is a slow 
but steady decrease in the basic natural resources available per inhabitant (Table 6.3). 
These mean values are masking the growing gap between over-consumption rates in 
rich countries and the inability of people to satisfy their minimal requirements in poor 
countries.

Table 6.2 Increase in life expectancy at birth (source Population Division of the 
Department of Economic and Social Affairs of the United Nations Secretariat. 2002. 
World Population Prospects: The 2000 Revision. Dataset on CD-ROM. New York: 
United Nations).

Region
Female Male

1955 - 1960 1995 - 2000 1955 - 1960 1995 - 2000
World 51 67 48 63
Developed 70 78 65 71
Developing 45 66 44 63
Europe 71 78 65 69
Asia (excl. Middle East) 46 68 45 65
Middle East & North Africa 46 68 45 65
Sub-Saharan Africa 40 50 38 48
North America 73 80 67 74
Central America & Caribbean 56 74 53 68
South America 57 73 53 66
Oceania 68 77 63 72
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Table 6.3 The decrease in basic natural resources available per inhabitant, between 
1990 and 2000 (Cogălniceanu and Cogălniceanu, 1998).

Resource Surface available per inhabitant (ha)
1990 2000

Area cultivated with cereals
Irrigated areas
Forested areas
Pastures

0.13
0.04
0.79
0.61

0.11
0.04
0.64
0.50

Perhaps the most dangerous trend of all is the uneven distribution of wealth. Thus, in 30 
years, between 1960 and 1990 the gap between the richest and the poorest countries 
has more than doubled (Table 6.4). Even the Convention on Biological Diversity states 
that ‘economic and social development and poverty eradication are the first and over-

Figure 6.1 The position 
of the human dominated 
socio-economic system 
as a subsystem of 
the ecosphere. The 
development of the 
human socio-economic 
system in time implies 
spatial extension and 
increased connectivity. 
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riding priorities of developing countries’ (CBD, 1992). This approach, although partially 
justified, is highly criticized by those promoting a sustainable development (Guruswa-
my, 1999).

Table 6.4 The differences between the revenue of the richest countries with 20% of world 
population expressed as Gross Domestic Product (GDP) and the poorest countries with 
20% of world population (United Nations Development Programme, 1992).

Year Ratio between the GDP of richest compared to poorest countries, 
each with one fifth of world population

1960

1970

1980

1990

1991

30:1

32:1

45:1

59:1

61:1

Globalization is aggravating human pressure on the environment and induces vulne-
rability in national economies to external factors (di Castri, 1996). The main factors 
of concern related to globalization are the continuous expansion of free trade and the 
economies that have become export driven in an unpredictable and unstable economic 
climate. There is an extreme economic competition that has a huge impact on the way 
natural resources are used. Despite these changes, world economic growth has slowed 
down during the last decades (Table 6.5).

Table 6.5 World economic growth during the last 50 years (adapted after Brown, 
1995 b).

Decade Annual average growth Annual growth per inhabitant
1950 - 60

1960 - 70

1970 - 80

1980 - 90

1990 - 94

4.9

5.2

3.4

2.9

1.4

3.1

3.2

1.6

1.1

-0.3

Human society is also facing a series of cultural problems that include attitudes and in-
equality of ownership and property rights (Jeffries, 1997). Equality depends on property 
rights. If biodiversity is considered from an economic point of view as a simple resource, 
then property rights are the ability to secure, use and derive value from it. With the pre-
sent inequality of ownership and property rights on biodiversity, some reap the benefits 
of (destructive) exploitation, while others bear the costs.
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The diversity of attitudes toward biodiversity is amazing, but three broad cultural pat-
terns can be identified (Jeffries, 1997). Ecosystem people, with a positive impact on 
biodiversity are represented by traditional societies in underdeveloped countries that 
directly utilize natural resources in a sustainable way, with respect and care (Dasmann, 
1975). Ecological/environmental refugees belong to traditional societies that were dis-
rupted by a destructive exploitation of their resources. They have lost their traditional 
knowledge and have a negative impact. The last category are the ‘biosphere people’ 
from societies in developed countries that consider biodiversity a resource that can be 
exploited to destruction for immediate benefits.

All these impacts and problems are enhanced by the global institutional failure to cope 
with the crisis, either due to institutional weakness (i.e. lack of will or power to implement 
conservation measures) and/or lack of knowledge.

Finally, there is also an economic failure to adapt to the crisis and promote sustainability. 
This is due to market inability to capture the full value of biodiversity on both local and 
global scales, and to the intervention through direct and indirect subsidies that sup-
port the overexploitation and the persistence of destructive, unsustainable economic 
activities. For example, it is estimated that subsidies to the fisheries sector represent 
between 20-25 per cent of the annual revenues of the commercial fishing industry (Mi-
lazzo, 1998).

6.2 Biodiversity as a source of economic values
Economists tend to value the various components of biodiversity because this allows 
for a direct comparison with economic values of alternative options and facilitates cost-
benefit analysis – a crucial tool for policy formulation and decision-making. In addition, 
the monetary valuation of biodiversity allows economists to perform environmental ac-
counting, natural resource damage assessment and to carry out proper pricing (Pimm, 
1997). 

Table 6.6 Human value orientations and environmental attitudes (Nunes et al., 2000).

Value orientation Valuation perspective Ethical approach Biodiversity attitude

Ecocentrism Rights conferred to all 
living organisms

Nature has intrinsic 
value, regardless 
of human recog-
nition

Biodiversity first

Anthropocentrism
Rights and interests 
conferred to individual 
humans

Value of nature is 
the value conferred 
by humans

Humans first

Many people, however, do not accept to place monetary value on biodiversity, and 
economists have often been criticized for trying to put a “price tag” on nature. However, 
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agencies in charge of protecting and managing natural resources must often take diffi-
cult decisions that involve trade-offs in allocating resources. Since the nature of these 
decisions is economic, economic valuation can be useful by providing a way to justify 
and set priorities for programs, policies or actions to protect or restore. While the human 
approach to this problem is extremely complex, two extreme orientations can neverthe-
less be distinguished (Table 6.6).

Economic value is just one of many possible ways to define and measure value. Alt-
hough other types of value are often important, economic values are useful to consider 
when making economic choices, options that involve trade-offs in allocating resources 
(Figure 6.2). Measures of economic value are based on what people want (i.e. their 
preferences). The theory of economic valuation is thus based on individual preferences 
and choices, like income and available time. The economic value of a particular item 
or good is measured by the maximum amount of other things that a person is willing to 
give up to have. The ecological goods and services provided by the various compon-
ents of biodiversity are valued in term of how important they are to people, by estimating 
the amount people are willing to pay to preserve or enhance them. While some goods 
(e.g. fish, lumber or plants) are routinely bought and sold on markets, most ecosystem 
services are not traded in markets and thus people do not pay directly for many of them 
(e.g. oxygen production, carbon dioxide sequestration, soil formation and erosion pre-
vention). We may have distanced ourselves from nature, but we still rely completely on 
the services it delivers. Economic valuation attempts to fill this gap and obliterate this 
illusion.

Figure 6.2 The different ways of valuing biodiversity.
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6.2.1 Valuation methods
Many valuation methods can be used to value environmental goods and services; the 
most frequently used methods are briefly presented below (Nunes et al., 2000):
• Hedonic pricing infers a value for goods that are not traded directly in the market 

from prices of related goods that are traded.
• Avoided cost methods estimate the value of a service from the cost of replacing it.
• Travel-cost methods evaluate the recreational benefits from a site, including entry 

fees as well as implicit costs, such as the cost and time of traveling to the site.
• Contingent valuation techniques rely on surveys concerning hypothetical situations 

and not on any actual costs (Table 6.7).

Table 6.7 The use of the different valuation methods in valuing ecological services 
(Armsworth and Roughgarden, 2001).

Type of exploitation Good or service Valuation method
Extractive1

Nonextractive2 and 
consumptive3

Nonextractive and 
nonconsumptive4

Timber

Carbon sequestration

Watershed services

Prevention of soil erosion

Tourism and recreation

Existence

Market price

Hedonic pricing

Avoided cost

Avoided cost

Travel-cost methods

Contingent valuation
1 Extractive services are provided by extracting some amount of the resource in question.
2 Nonextractive services do not involve removing biomass from the ecosystem provided the ser-
vice functions (e.g. water purification).
3 Consumptive services are valued because they are consumed or used by individuals (e.g. har-
vesting or tourism values).
4 Nonconsumptive services are valued by individuals who are isolated from their provision and 
never anticipate partaking in them.

Costanza et al. (1997) attempted to value the goods and ecological services provided 
by biodiversity and came with an enormous value of $33,000 billion per year (Table 6.8). 
Another study, more conservative, estimated them at about $3,000 billion a year, or 11% 
of the total world economy (Pimentel et al., 1997). Both studies, however disparate, 
point toward the enormous role that biodiversity plays in world economy and are an 
indication of the growing concern caused by its present unsustainable use.
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Table 6.8 The global value of ecosystem services calculated for the year 1994. Missing 
values denote insufficient information. Values were derived from a set of 17 major 
ecosystem services by Costanza et al. (1997).

Type of ecosystem
Area

(million ha)

Value

($US ha-1yr-1)

Total global value

($US x 109 yr-1)
Marine 36,302 577 20,949
 Open Ocean 33,200 252 8,381
 Coastal 3,102 4,052 12,568
  Estuaries 180 22,832 4,110
  Coral Reefs 62 6,075 375

Terrestrial 15,323 804 12,319
 Wetlands 339 14,785 4,879
 Forest 4,855 969 4,706
  Tropical 1,990 2,007 3,813
  Temperate/Boreal 2,955 302 894
 Grasslands 3,898 232 906
 Lakes/Rivers 200 8,498 1,700
 Cropland 1,400 92 128

Box 6.1 Economic value of ecological services provided by insects

Insects represent more than half of the known animal species, and it is estimated that 
they represent more than one third of the animal biomass. Social insects (termites and 
ants, representing about 2% of the known insects of the world) represent each about 
10% of the total animal biomass (Wilson, 1990). A recent estimate of the economic 
value of the ecological services provided by insects in the USA alone has come with 
a minimal annual value of $57 billion (Losey and Vaughan, 2006). The study has 
focused on just four insect services: dung burial, pest control, pollination and wildlife 
nutrition. Thus, losses averted due to accelerated burial of livestock dung amount to 
$389 million; pollination to $3.07 billion; pest control to $4.49 billion, and expenditures 
for hunting, fishing and observing wildlife that rely on insects as a critical nutritional 
resource to $49.93 billion. Based on this estimate, increased investment in the conser-
vation and management of these service-providing insects becomes both imperative 
and financially attractive.

6.3 Business and biodiversity
During the ‘70s, ecology was mainly seen as a science of „no“. In recent years it appe-
ared that commercial exploitation of biodiversity is not necessarily bad and that conser-
vation and commercial profit are not mutually exclusive options. The recent demand by 
aware consumers for organic food, certified wood and fish products, and eco-tourism 
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has created a growing market for sustainable products and production practices that 
protect biodiversity. 

Until recently the relationship between business and biodiversity was a simple donor-
recipient relationship, where the first sponsored the second. Things have changed, and 
in recent years charity has changed to partnership, where finance is just one aspect of 
the cooperation. This is mainly due to the fact that it was successfully demonstrated that 
biodiversity can add business value. Thus, some business managers became interes-
ted themselves in preserving biodiversity and using natural resources in a sustainable 
manner. Many companies are now aware of the need for eco-efficiency, which is not 
simply about making cost savings and reducing liability, but sometimes requires impor-
tant changes in production methods and the development of new, sustainable products 
(Rose, 2000).

The recent economic changes of the last decade, mainly globalization, mega-mergers, 
massive industrial privatization on a large scale, have all led to a situation in which 
major corporate companies exert an all-pervading influence on the planet, reducing 
the importance of public sector money. For conservation purposes also it appears that 
the business approach is (just) a means to an end: a better, more sustainable protec-
ted environment. It recently became apparent that protected areas are often significant 
revenue-earning entities and can make an important contribution to local economies. 
Investment in protected areas can provide a significant benefit to national and local 
economies. Far from being locked up and lost to local users, these areas represent 
an opportunity for sustainable industries and for the generation of financial return. Ma-
nagers need to prepare business plans for parks and reserves so as to assess and 
capture these potential benefits, and thus ensure the long-term financial sustainability 
of protected areas in their care (IUCN, 1998). For example, Canada is expected to 
create $6.5 billion dollars (CAD) in annual Gross Domestic Product from wildlife-related 
activities. This sustains 159,000 jobs and creates $2.5 billion (CAD) in tax revenue each 
year. Australia receives over $2 billion (AUD) in expenditure from eight national parks 
at a direct cost of some $60 million (AUD). In Costa Rica park-generated tourism is the 
second largest industry in the country with more than half a million foreign visitors each 
year. The government spends annually $12 million (US) to maintain the national parks 
but earns more than $330 million (US).

6.4 Sustainable use of biodiversity
A general principle of management systems for biodiversity is that managing for greater 
variation will deliver long-term values, achieve multiple objectives and maintain options 
for adapting to change. Various levels of intensity and types of management methods 
can increase or decrease the utility of diversity for short- and long-term values. Manage-
ment systems can be either passive (i.e. only avoiding actions that have a negative im-
pact) or active. The key to achieving sustainable development is an integrated approach 
based on the paradigm of adaptive management, whereby policy-making is an iterative 
experiment acknowledging uncertainty, rather than a static answer. A collection of six 
principles were formulated at a meeting in Lisbon, in 1997, representing a collection of 
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indivisible basic guidelines governing the use of all environmental resources (Costanza 
et al., 1998).
1. Responsibility. Access to environmental resources implies responsibilities to use 

them in an ecologically sustainable, economically efficient and socially fair manner.
2. Scale-matching. Ecological problems develop often on different scales. Appropriate 

scales of governance are needed, with access to the most relevant information that 
can respond quickly and efficiently, and are able to integrate across scale bound-
aries.

3. Precaution. In the face of uncertainty about potentially irreversible environmental im-
pacts, decisions concerning resource use should be made with caution. The burden 
of proof should shift to those whose activities potentially damage the environment.

4. Adaptive management. Given that some level of uncertainty always exists in envi-
ronmental resource management, decision-makers should continuously gather and 
integrate appropriate ecological, social and economic information with the goal of 
adaptive improvement.

5. Full cost allocation. All the internal and external costs and benefits, including social 
and ecological, of alternative decisions concerning the use of environmental resour-
ces should be identified and allocated. When appropriate, markets should be adjus-
ted to reflect full costs.

6. Participation. All stakeholders should be engaged in the formulation and implemen-
tation of decisions concerning environmental resources. Full stakeholder awareness 
and participation contributes to credible, accepted rules that identify and assign the 
corresponding responsibilities appropriately.

Biodiversity is everything. It is our home and life-support system. It is normal that 
such a complex concept will be approached in such diverse, sometimes even 
contradicting ways. Biodiversity is and will remain a major topic for humankind 
in the quest for a better world. Understanding biodiversity eventually means kno-
wing and treasuring our home.
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7. Annex 

7.1 Measures of species richness
It is virtually impossible with present-day conditions (small rate of description of new spe-
cies, low number of trained specialists involved, no global infrastructure and insufficient 
financial resources) to inventory and map species diversity worldwide. For the moment 
even the approximated overall scale of global biodiversity, in terms of species richness, 
remains very imprecisely known (Hammond, 1994). Data and information are urgently 
needed for conservation, management and development strategies, and since the pre-
sent rate of extinction is so high, probably grossly surpassing the rate of description of 
new species, new approaches are required. We urgently need to develop methods to 
estimate species richness that will help policy-makers to take correct decisions, despite 
the present lack of data. This should not replace traditional species description, but 
merely complement it, and through reiterations and validation, improve its precision and 
accuracy.

Several major problems arise when developing this relatively new domain. Should we 
attempt to inventory all species and try to estimate total species richness, or focus only 
on representative (whatever we define it) taxa richness or focal species? It is true that 
from an evolutionary point of view all species are created equal, but some ‘are more 
equal than others’, if we consider functional aspects only.

Although species richness is a natural measure of biodiversity, it is also an elusive 
quantity to measure properly (May, 1988). The major difficulty in estimating species 
richness is related to the data collecting effort. In most cases it is impossible to inventory 
all the species or higher taxa within the studied community, the number of species iden-
tified being related to sample size. Thus, an increase in sample size will most probably 
add new species. In an ideal situation, if almost all individuals could be inventoried, or 
collected and identified, species diversity would be accurately measured. A collectors 
curve or species accumulation curve (SAC) is a good measure of the collecting effort. 
It is done by plotting the increase in species number against the number of individuals 
collected or a substitute, usually collecting effort, measured as the cumulative number 
of samples, area of quadrats, mass or volume of medium processed (e.g. soil, water), 
biomass sampled, hours of observation, number of traps-day, length or surface of net 
used, etc. With increased sampling effort the curve will continue to rise until approa-
ching an asymptote corresponding to the number of species within the studied commu-
nity, indicating also that the sampling effort was sufficient. Species richness censuses 
can be validly based on datasets consisting either of individuals or on replicated, multi-
individual samples. The only distinction is the unit of replication: the individual versus a 
sample of individuals (Gotelli and Colwell, 2001). 

Based on the same data used for accumulation curves, a rarefaction curve can be 
produced. The rarefaction method was initially proposed by Sanders (1968) for the 
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standardization of samples from different communities to a common sample size of 
the same number of individuals, to allow for comparisons. While the SAC is computed 
by increasing the number of samples, the rarefaction curve is produced from the total 
pooled number of individuals or samples. By repeatedly re-sampling at random the 
total pool of N individuals or N samples and plotting the average number of species 
represented by 1, 2, …. N individuals or samples, we obtain a rarefaction curve. Thus, 
rarefaction generates the expected number of species in a small collection of n individu-
als or samples (where 1 ≤ n ≤ N). By plotting the means of repeated re-sampling of all 
pooled individuals or samples, a smoother rarefaction curve is obtained that represents 
the statistical expectation for the corresponding SAC (Figure 7.1). There are some im-
portant ecological restrictions in using it: the communities to be compared should be 
taxonomically similar and the sampling methods used should be comparable (Krebs, 
1999). Nevertheless rarefaction remains a powerful tool, although of a focused, limited 
use. The rarefaction method is also frequently used in paleontology (Tipper, 1979), and 
an application named reverse rarefaction (Raup, 1979) was used to estimate percenta-
ges of extinct species from counts of extinctions at higher taxonomic levels. 

Figure 7.1 The species accumulation curve (SAC) and rarefaction curve for 71 samples 
of chironomids (Insecta, Diptera) from alpine lakes in the Retezat National Park, 
Romania. 

Species richness can be estimated by using a variety of methods, but the spatial scale 
for which the estimates are valid varies among taxa. The different estimation methods 
can be grouped in those using extrapolation, i.e. inferring species richness based on 
sub-samples, and those using interpolation, i.e. inferring species richness based on 
comparisons with other areas or data sets.
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7.2 Extrapolation methods
The simplest estimates are based on surrogates of species richness (e.g. higher taxa 
richness, character richness), or on extrapolations of simple ratios of species richness. 
Hammond (1994) described six general categories of species richness ratios useful 
for extrapolation: group to group (e.g. butterflies to beetles), area to area, subgroup 
to group (e.g. beetles to insects), smaller scale to larger scale (i.e. local to regional), 
sample to inventory, and habitat/stratum to inventory. For example, ratios between the 
number of species of different taxa can be extrapolated usually from local, well-studied 
sites, to national or regional level based on the assumption that species richness pat-
terns among these groups are correlated at different spatial scales. This is often not the 
case since relationships probably do not hold across spatial scales. Robbins and Opler 
(1997) showed that the number of butterfly species do not correlate with the number of 
birds or mammals, since butterflies are most abundant in the tropics, having different 
patterns of latitudinal gradients. A recent study on the number of species of insects 
associated with various trees in Britain has showed that tree availability (i.e. range and 
abundance) is a good predictor of insect species richness (Kelly and Southwood, 1999). 
Hammond (1994) states that any assumption that species ratios established on the 
basis on one set of taxa in one particular place (e.g. insects in Britain) will hold for other 
taxa and other places is unsound.

Erwin’s estimate of the total number or arthropods worldwide was already presented. 
This method has very limited use since the geographical ranges of species increase 
with increasing latitude and altitude (Stevens, 1990). Also the influence of scale on spe-
cies richness is poorly understood, so no reliable extrapolates can be made for larger 
areas. Thus, a pattern described and valid at a certain space-scale might not be valid at 
a higher scale. Báldi (1999) used five almost complete inventories (in taxonomic terms), 
from four Hungarian nature reserves (one was repeated after 40 years), and based on 
the proportion of newly described species estimated the total number of new species for 
Hungary. He obtained a value of 3,400 new species, roughly 10% of the known species 
value. Based on the estimated number of hymenopteran species per km2 for different 
continents, Ulrich (1999) estimated their global species richness at between 1.3-3.24 
millions. Since hymenopterans represent between 20-25% of all insect species, the 
total number of insects world wide should be between 5-10 million species, less than 
Erwin’s estimate. In a slightly different approach, Hodkinson and Casson (1991) exami-
ned 1690 species of Hemiptera collected in Indonesia and estimated that 62.5% were 
new to science. They assumed that if the same proportion of undescribed species is 
valid worldwide then there should be about 190,000 species of Hemiptera. Since Hemi-
ptera represent between 7.5-10% of all insects, the world total will be between 1.84 and 
2.57 million species, again less than Erwin’s value. There are more estimates, each yiel-
ding different results, but there is no point to present them further. The conclusion that 
can be drawn is that our degree of knowledge is insufficient for the moment to attempt 
any reliable estimate of global species richness. It might also prove to be fundamentally 
wrong since we are operating with data and assumptions valid at a local or regional 
scale and assume they hold at a global scale. From a conservational point of view the 
global number of species has no importance it is just ‘for the record’. What we need 
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are good estimates and reliable estimators at local and regional levels, to preserve and 
monitor biodiversity efficiently and accurately.

Extrapolation of the number of species using higher taxa richness (genera and families) 
has the advantage of precision of predictions if it permits a broader coverage of the 
groups of organisms surveyed (Williams, 2002). For example, mapping 100 families 
represents a higher coverage of biodiversity than 100 species (Williams and Gaston, 
1994). Several studies now support the idea of a relationship between the numbers of 
higher taxa, such as families, and the numbers of species among areas (Williams et al., 
1994). Evidence at large spatial scales is difficult to collect, but the few datasets avai-
lable confirm it (Figure 7.2). When dealing with large numbers species richness can also 
be estimated by using character richness as a surrogate (Williams, 1996).

Figure 7.2 The relationship between the number of plant families and the number of 
species, both log-transformed are significantly correlated (r2 = 0.91) (from Williams et 
al., 1994).

Species richness can be also estimated from species accumulation curves (SAC). In 
the (ideal) case that the curve has reached an asymptote, this value corresponds to the 
species richness. Since in the majority of studies this is not the case, an extrapolation 
must be made. Two general categories of functions have been used to extrapolate SAC: 
asymptotic (e.g. hyperbolic models as in Michaelis-Menten equation) and non-asymp-
totic (e.g. log-log or log-linear models). Since extrapolation multiplies bias as well as 
case-to-case random error, using different models for the same SAC usually predicts 
different values of species richness, thus limiting very much their usefulness (Colwell 
and Coddington, 1994).

Fitting parametric models to species abundance data can be successfully used for esti-
mating species richness. For long rank-abundance plots were used as a method of 
presenting species abundance data. As different data sets gradually accumulated, it 
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appeared evident that a characteristic pattern of species abundance was occurring. 
In no community examined would all species be equally common. Few species would 
be very abundant, some would have medium abundance but most species would be 
rare, represented by only a few individuals (Figure 7.3). This observation led to the de-
velopment of species abundance models. A variety of models were proposed, among 
the most frequently used being: the geometric series, the log series, the log-normal 
distribution, the Poisson, and the broken-stick model (Magurran, 1988). Of these, the 
most promising for estimating species richness is the log-normal method. It allows di-
rect estimation of the total number of species by summation of discrete categories over 
the ‘hidden’ portion of the curve, to the left of the ‘veil line’, the boundary between the 
undiscovered species and the species represented by only one individual (Colwell and 
Coddington, 1994). The method is based on the assumption that the number of species 
is a log-normal function of abundance, which is not necessarily true (Palmer, 1995), and 
thus casts a shadow of doubt on its precision. 

Figure 7.3 Plant species ranked according to their frequency of occurrence (data from 
Ţopa et al., 2001).

The use of nonparametric techniques for estimating species richness is relatively new, 
although attempts to estimate the true number of classes (species or types) in a statisti-
cal population from a random sample of individuals are a classical problem in statistics. 
It has the advantage that no assumption must be made on a given distribution of the 
data. The techniques can be used in ecology not only for species richness estimation, 
but also for the estimation of population size from mark-recapture records. The nonpa-
rametric estimators use information on the distribution of rare species in the community, 
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mainly those represented by only one or two individuals. Several estimators were deve-
loped specifically for estimating species richness from samples, either adapted to do so 
from mark-recapture applications, or were developed for the general class-estimation 
problem (Colwell and Coddington, 1994). An ideal estimator would be independent of 
sample size, not influenced by spatial and temporal heterogeneities in species distri-
bution, and not affected by the sampling order. This means that it must reach its own 
asymptote much sooner than the sample-based rarefaction curve does, and would ap-
proximate the empirical asymptote in an unbiased way, when tested over many bench-
mark datasets (Gotelli and Colwell, 2001).

Perhaps the easiest to compute and understand are two of the estimators proposed by 
Chao (1984) that will be briefly presented. The first one can be applied to the distribution 
of species among samples and requires only presence-absence data (called SChao2):
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Q2 the number of species that occur in exactly two samples. Their transformed ratio is 
added to the observed number of species (Sobs). The other estimator of the true number 
of species in a community is based also on the number of rare species sampled (SChao1), 
but uses relative abundance data: 2
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where F1 is the number of species that are represented by only one individual in the 
sample (so-called singletons) and F2 is the number of species represented by exactly 
two individuals in that sample (doubletons). Both estimators are actually a lower bound, 
and do not perform very well when the sample sizes are small.

7.3 Interpolation methods
Geostatistical methods can be used to produce maps of probability of species occur-
rences, based on their known response to environmental conditions (Palmer, 1995). It 
is of limited use as an estimator of species richness since it can only be used for known 
species, not recorded in an inventory at local level but known to exist at a regional le-
vel, whose presence can be predicted in this way and added to the number of already 
observed species.

The use of species-area curves will be presented in more detail in the next chapter. They 
can be used also in estimating species richness for a particular area. Since the number 
of species tends to rise with the area sampled, for communities that have enough data 
to compute a species-area curve, by fitting a regression line the number of species on a 
given area can be predicted (Krebs, 1999). How reliable are these estimates if we take 
into account the many gaps in our knowledge? Perhaps the following example can give 
some hints. Reaka-Kudla (1997) made a very interesting approach. She gathered the 
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data available on the surface and known species richness of the major global zones 
(Table 7.1). 

Table 7.1 Major global zones, area and percentage of species (adapted from Reaka-
Kudla, 1997).

Zone
Area 

(millions of 
km2)

Percentage of 
Earth surface

Percentage 
of known 
species

Relative 
richnessa

Global area
Land area
Rain forests
Ocean
Global coastal zones
Tropical coastal zones
Coral reefs

511
170.3

11.9
340.1

40.9
9.8
0.6

100
33.3

2.3
66.7

8.0
1.9
0.1

100
77.5
72.5
14.7
11.7
10.4

5.0

1
2.3

31.5
0.2
1.4
5.4
50

a computed as the ratio between the percentage of the surface of a zone and the percentage of 
known species.

Then she assumed that coral reefs are similar to tropical forests in both the proportion 
of known species and in the ecological and evolutionary processes that operate. Based 
on a species-area equation (S = cAz) she assumed a z = 0.25 for both rain forests and 
coral reefs. She then computed, based on the area covered by these two biomes, the 
estimated number of species inhabiting coral reefs, using different values for rain fo-
rests (Table 7.2). She explained the huge differences between the described number of 
species and the expected number for coral reefs as due to our limited knowledge, since 
there are insufficient inventories done in coral reefs where most species are small in 
size, cryptic, and with small ranges.

Table 7.2 Estimated number of species from coral reefs based on area and on different 
c values from rain forests (from Reaka-Kudla, 1997).

Rain forests Coral reefs
Described number of species

Estimated number of species

1,305,000 (described) 

2,000,000 
20,000,000

93,000 (described) 
618,000 (estimated)

948,000 
9,477,000
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Although for the moment our understanding of the species-area relationships is in its 
beginning and still of limited utility, as indicated by this example, it can be developed into 
powerful predictive tools.

7.4 Measures of species diversity
A variety of environmental studies look for changes in time and space within and among 
biological communities. How can we condense the huge amount of data gathered in the 
study of a community and compare it with similar sets of data in order to detect structu-
ral changes or differences? What is the best parameter to be measured and compared? 
This problem has long puzzled ecologists and has generated a wide array of methods. 

The structure of a biological community can be best described by measuring its species 
diversity. For long, communities with few species, one or several of them abundant, 
were qualified as low diversity, and communities with many species not so unequal in 
abundance were considered as having a high diversity. Measuring species diversity 
is not an easy task since this is a parameter consisting of two different components: 
species richness and evenness or equitability (the way in which individuals are divi-
ded among species) (Figure 7.4). While species richness is easier to understand and 
measure, evenness needs some further comments. Consider two different communi-
ties, each consisting of 10 species, identified from samples of equal size consisting of 
100 individuals. The individuals in the first community are evenly distributed among the 
10 species, each having 10 individuals, while in the second community they are une-
venly distributed, with one dominant species having 91 individuals and the remaining 
9 species having just one individual. Evenness (and species diversity) has a maximum 
value in the first community and a minimal one in the second. Evenness can thus be 
defined as a measure of the unequal representation in a community, as compared to a 
similar hypothetical community in which all species are equally common. If the mean 
and standard deviation of the species abundances are computed for both communities, 
the mean values would be identical but standard deviations would differ, being zero at 
maximum evenness and having a high value in the case of minimal evenness. Even-
ness can thus be directly measured and be defined as the standard deviation of the 
relative species abundance.

Species diversity can be viewed as the cumulative measure of the contribution of each 
species within the community. Margalef (1991) offers an excellent illustration of the 
concept of species diversity and its two components, species richness and evenness 
(Figure 7.5 a). Based on this projection we can also visualize the limits and reliability 
of our sampling and of the difficulties in estimating species diversity based on a limited 
number of samples (Figure 7.5 b). It appears obvious that even when sampling a low 
complexity community, with few species, only an estimate is obtained, whose precision 
can be improved by increasing the number of samples and/or the sample size. 
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Figure 7.4 
Understanding the 
concept of species 
diversity. Community 
A has the same 
number of species as 
community B, but a 
higher evenness so 
we consider that A 
has a higher diversity 
than B. Community 
C has the same 
pattern of evenness 
as community B, 
but has a higher 
species richness and 
it is considered more 
diverse. Communities 
A and C are difficult to 
compare since A has a 
higher evenness while 
C a higher species 
richness, but most 
often community C will 
be considered to be 
more diverse (redrawn 
after Krebs, 1999).
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Figure 7.5 The species within an community contribute in different ways to overall 
species diversity. (A) Represents the species diversity of a community (shown as the 
cylinder) occupying a biotope (the round-shaped base). The different layers/strata 
correspond each to a species. The length of each stratum (representing a species) 
corresponds to its spatial distribution (coverage) while the width indicates the number or 
biomass abundance (standardized as a percentage) for each point in space. The value 
of species diversity depends on sample size and site (adapted from Margalef, 1991). (B) 
Indicates three sampling sites along transects (represented as vertical cylinders), each 
unveiling a different species diversity. Overall species diversity is almost impossible to 
measure, but if sufficient samples are taken good estimates can be obtained. 

It is important to define before hand how much of the community should be included in 
the sampling (Krebs, 1999). The collection of species to be described must be precisely 
defined also: higher taxa (e.g. birds, butterflies, higher plants), trophic level (e.g. grazing 
zooplankton, primary producers), guild, etc. It is equally important to decide on the unit 
of measure that will be used to estimate species abundance: numbers, biomass, cover 
or productivity. These values are a measure of species importance and when shifting 
from one measure to another the ranking of species can drastically change. For examp-
le, large species with few individuals will rank as dominant if based on biomass but rare 
if based on numbers.

There are two major limitations when focusing on species diversity. The first is that all 
species are considered equally important, their role and functional importance being not 
accounted for. The second is that all individuals belonging to a species are considered 
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equally important, without discriminating between sexes or life stages. Thus, for ex-
ample, the two sexes can show a strong sexual dimorphism in body size, with females 
being much larger than males but less abundant, or the probability of capture or sight of 
different life stages might vary significantly, but neither is accounted for.

There are many proposed ways for measuring species diversity and there is much 
controversies about which are the best measures. The different measures of species 
diversity have been discussed in detail in several excellent publications (Pielou, 1974, 
Magurran, 2004, Legendre and Legendre, 1998, Krebs, 1999) and will only be briefly 
presented here. These measures of species diversity can be grouped into parametric 
(e.g. the logarithmic series, the lognormal distribution) and nonparametric measures. 
The most widely used are the nonparametric measures of diversity, because they assu-
me no statistical distribution and combine both species richness and evenness within a 
single value. Depending on the formula used to measure species diversity, two types of 
errors can be generated. Type I measures place most weight on the rare species in the 
sample, while Type II measures place most weight on the common species. 

The nonparametric measures of diversity can be grouped into three major categories, 
depending on the type of data required or used for their computation:
a. Species richness measures are computed based only on species richness (S) and 

sample size (N), and are usually in the form of a ratio between S and a transformed 
value of N (square root or log-transformed). The most frequently used indices in this 
category are Margalef’s, Odum’s and Menhinick’s.

Margalef Margalef   
N

SD
ln

1�
�    or 

N
SR
log

1
1

�
�

Odum Odum   
N

SR
log2 �

Menhinick Menhinick  
N
SR �3

b. Diversity indices are based on species richness (S) and their relative abundance 
ni (where 1 ≤ i ≤ S and ∑ni = N). The most frequently used are Simpson’s (D) and 
Shannon-Wiener’s (H’) indices.
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Where pi represents the relative abundance of species i computed as the ratio between 
the number of individuals belonging to species i (ni) over the total number of individuals 
N (ni/N).
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c. Evenness indices are usually computed as the ratio between a diversity index and 
the maximal value if all species had the same abundance.

For example, the evenness index based on Shannon-Wiener diversity measure is 

max

'
H
HE � .

A variety of different evenness measures have been proposed, most of them based 
on the same concept that relates observed species abundances to maximum possible 
diversity, when all species have an equal number of individuals (Krebs, 1999).

Hill’s index based on Simpson’s diversity index: 
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Glossary

Abiotic. The non-living, material components of the environment, such as water, 
sediment, temperature, wind, salinity, etc.

Adaptive radiation. The evolution of ecological and phenotypic diversity within a rapidly 
multiplying lineage.

Allelle. One of several forms of the same gene.
Allopatry. Geographical separation, such that members of two or more populations fail 

to encounter one another.
Arthropods. The animal phylum comprised of crustaceans, spiders, mites, centipedes, 

insects, and related forms. The largest of the phyla, containing more than three times 
the number of all other animal phyla combined.

Assortative mating. Non-random choice of a mate, either directly through the evaluation 
of some attribute, or indirectly through habitat choice (for taxa that mate within their 
habitat).

Background extinction. A distinctly lower rate or extinction, more typical of most of the 
fossil record.

Biomass. A quantity of living organisms expressed in units of volume or mass, generally 
related to unit, volumetric or area capacity.

Biome. A major portion of the living environment of a particular region, characterized by 
its distinctive vegetation and maintained by local climatic conditions.

Biota. All the organisms, including animals, plants, fungi, and microorganisms, found in 
a given area.

Clade. A monophyletic unit consisting of an ancestral species and its descendants.
Cladogenesis. The splitting of a species lineage.
Community. An assemblage of species populations that co-occur in space and time.
Competition. Active demand by two or more organisms or species for some environmental 

resource in excess of the supply available.
Competitive exclusion. The displacement of one species from its habitat or ecological 

niche by another.
Disruptive selection. Selection acting to preserve extreme phenotypes in a population. 

Speciation usually involves disruptive selection, because intermediates are 
disfavored.

Ecosystem. Functional unit of living organisms and their environment. It includes all 
individuals, species, and populations in a spatially defined area, the interactions 
among them, and those between the organisms and the abiotic environment.

Ecosystem function. The energy flow, productivity, element cycling, and resilience of 
ecosystem structure.

Ecosystem services. The conditions and processes through which natural ecosystems, 
and the species that make them up, sustain and fulfill human life.

Endemic. Restricted to a specified region or locality.
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Endocrine disrupter. An exogenous substance or mixture that alters function(s) of the 
endocrine system and consequently causes adverse health effects in an intact 
organism or its progeny, or (sub)population.

Estimator. A statistic calculated from data to estimate the value of a parameter.
Extinction rate. The number or proportion of taxa becoming extinct per unit time or after 

an important geological temporal boundary.
Extreme events. A climatic event that is a deviation from normal climate, and that has 

a finite but usually low probability of occurring in a particular place (e.g. floods, 
droughts, frost, heat wave, hurricanes, tornados, etc.).

Gene. The basic, functional unit of heredity. 
Gene flow. Genes flow from one place to another when organisms born in one place 

have offspring in another place that survive and reproduce there.
Genotype. The set of genes possessed by an individual organism.
Habitat. The environment (both biotic and abiotic) in which an organism or population 

live. 
Isolating mechanisms. Any intrinsic or extrinsic mechanism or barrier that inhibits the 

free exchange of genes between populations.
Life stage. An arbitrary age classification of an organism into categories related to body 

morphology and reproductive potential, such as spawning, egg incubation, larva or 
fry, juveniles and adult.

Lineage. A single, chronological line of direct ancestry and descent.
Longevity. The duration through geological time of a species and all its descendants.
Mass extinction. An extinction event occurring over a short period of time that is of 

large magnitude, wide biogeographic impact, and involves the extinction of many 
taxonomically and ecologically distant groups.

Meiosis. The two-stage nuclear division process in which the number of chromosome 
sets in each daughter nucleus becomes half of what it was in the parent nucleus.

Monophyletic. All species in a monophyletic group are descended from a common 
ancestor, and all species descended from that ancestor are in that group.

Phenotype. Visible characteristics of an organism. It includes the morphological, 
physiological, biochemical, behavioral, and other properties of an organism that 
develop through the interaction of genes and environment.

Phylogeny. The evolutionary relationships among a group of organisms.
Phylum (pl. Phyla). In taxonomy, a high-level category just beneath the kingdom and 

above the class. It includes a group of related, similar classes.
Polyphyletic. A group of species that descended from several ancestors that are also 

the ancestors of species classified into other groups.
Polyploid. Having more than one set of homologous chromosomes.
Reproductive isolation. Intrinsic barriers to the production of offspring.
Speciation. The establishment of reproductive isolation between two or more previously 

interbreeding populations.
Species accumulation curve. A plot of the total number of species observed in a census 

against some measure of cumulative sampling effort.
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Succession. The more or less predictable changes in the composition of communities 
following a natural or human disturbance.

Sympatry. Absence of geographical separation, such that all individuals have the same 
chance of meeting each other.

Taxon (pl. Taxa). The named classification unit to which individuals, or set of species, 
are assigned. Higher taxa are those above the species level.

Trophic level. Position of a population or species in the food chain, determined by the 
number of energy-transfer steps to that level.
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