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Preface

The United Nations declared 2010 to be the International Year of Biodiversity. This
declaration highlights both the value of biodiversity and the urgent need to take
action preserving it in the light of what has often been called the Sixth Extinction.
Already some twenty years ago, E.O. Wilson estimated that about 30,000 species
became extinct per year (or, roughly, 3.5 species per hour!). While there has been an
ongoing debate about the causes of the first five mass extinctions, there is no doubt
about the present one — it is man-made, and there is little reason to believe it will
cease in the near future. The IUCN acknowledges three levels of biodiversity:
ecosystem, species and genetic diversity, and all three of them are unevenly dis-
tributed across our planet. This has led to the concept of biodiversity hotspots, a
term that is used with different meanings. While in its strict sense, it is based on a
combination of quantified species endemism (at least 1,500 endemic plant species,
i.e., 0.5% of all known species) and habitat loss (70% or more of an area’s primary
vegetation), biodiversity hotspots sensu lato refer to any area or region with
exceptionally high biodiversity at one or more of the three above-mentioned levels.
In this book, unless stated otherwise, this latter usage of the term prevails because it
is being applied in both the popular and technical literature (and therefore, it is not
feasible to reduce the hotspot term to its technical definition only). The number of
acknowledged biodiversity hotspots sensu stricto has, over the years, increased
from 18 in the late 1980s through 25 in the year 2000 to, until very recently, 34.
With the publication of this book, the Forests of East Australia have made it into the
list as number 35 (see Chap. 16).

This volume owes its existence to a conference on Biodiversity Hotspots —
Evolution and Conservation held in Luxembourg in March 2009, where experts
from different disciplines and continents presented and discussed topics related to
biodiversity, its threats and conservation. While some of the following chapters
have their roots in talks given at this conference, this book was never intended to
be a “conference proceedings volume”. Instead, we aimed at filling gaps and
covering a wider range of topics by inviting more international experts to contribute
chapters from their area of research. A multi-author volume like this will never be a
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monolithic and fully coherent book, and we are aware that there are inevitably dif-
ferences in breadth, depth, scope and quality among chapters. Also, we are sure that
some readers may wonder why some region or aspect is considered, while others
are not. In a single volume of merely 500+ pages, there will always be a certain
degree of contingency with respect to the choice of subjects, and even more so
when a topic as colossal as this is tackled. We freely admit that there are still gaps at
least some of which, however, are due to the fact that invited authors declined
or were not able to contribute a chapter within the time frame of this book. We
have been aware of these shortcomings from the beginning, and we have tried to
compensate for this by broadening our scope and also including chapters on human
diversity, ways of measuring biodiversity and the sociocultural dimension of
conservation biology. We are happy to have, apart from the newly described 35th
biodiversity hotspot s. str., chapters on classical regions or biotopes of high diversity
such as Madagascar, the Mata Atlantica, the Mediterranean or coral reefs, and we
were lucky enough to also have a chapter on the deep sea, a realm whose contribu-
tion to global biodiversity we are only just beginning to understand. In addition to
this, the book contains chapters on particular taxa, among them African cichlid
fishes, the textbook example of adaptive radiation and species diversity, amphibians
(which are threatened globally) and invertebrates (which are strikingly underrepre-
sented in biodiversity assessments — despite the fact that they account for more than
90% of all species).

Although biodiversity and its conservation are very much en vogue in today’s
ecological and evolutionary research, we hope that a book like this may still con-
tribute to deepening our knowledge and increasing the awareness for the rapid
loss of our most valuable legacy. We are grateful to Springer publishers for the
opportunity to edit this volume and to Andrea Schlitzberger and Dieter Czeschlik
for their editorial help. Moreover, we thankfully acknowledge the Springer referees
who made valuable suggestions and insightful comments during the planning
phase of this book, and last but not least we wish to express our gratitude to the
peer-reviewers of the single chapters that have helped to improve this book by
sharing their knowledge with us.

Kiel, Germany Frank E. Zachos
Luxembourg, Luxembourg Jan C. Habel
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Introductory and Global Aspects






Chapter 1
Global Biodiversity Conservation:
The Critical Role of Hotspots

Russell A. Mittermeier, Will R. Turner, Frank W. Larsen,
Thomas M. Brooks, and Claude Gascon

Abstract Global changes, from habitat loss and invasive species to anthropogenic
climate change, have initiated the sixth great mass extinction event in Earth’s
history. As species become threatened and vanish, so too do the broader ecosystems
and myriad benefits to human well-being that depend upon biodiversity. Bringing
an end to global biodiversity loss requires that limited available resources be guided
to those regions that need it most. The biodiversity hotspots do this based on the
conservation planning principles of irreplaceability and vulnerability. Here, we
review the development of the hotspots over the past two decades and present an
analysis of their biodiversity, updated to the current set of 35 regions. We then
discuss past and future efforts needed to conserve them, sustaining their fundamen-
tal role both as the home of a substantial fraction of global biodiversity and as the
ultimate source of many ecosystem services upon which humanity depends.

1.1 Introduction

Earth’s biodiversity is in trouble. The combination of unsustainable consumption in
developed countries and persistent poverty in developing nations is destroying
the natural world. Wild lands continue to suffer widespread incursions from
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agricultural expansion, urbanization, and industrial development, overexploitation
threatens the viability of wild populations, invasive species wreak havoc on
ecosystems, chemical pollution alters biochemical processes in the soil, air, and
water, and rapidly spreading diseases jeopardize entire branches of the tree of life
(Millennium Ecosystem Assessment 2005; Vitousek et al. 1997; Wake and
Vredenburg 2008). As these threats continue unabated, the impacts of climate
change multiply. Changing precipitation and temperature, rising and acidifying
oceans, and climate-driven habitat loss will disrupt ecological processes, test
species’ physiological tolerances, turn forests to deserts, and drive desperate
human populations toward further environmental degradation (Turner et al. 2010).

Extinction is the gravest consequence of the biodiversity crisis, since it is
irreversible. Human activities have elevated the rate of species extinctions to a
thousand or more times the natural background rate (Pimm et al. 1995). What are the
consequences of this loss? Most obvious among them may be the lost opportunity
for future resource use. Scientists have discovered a mere fraction of Earth’s species
(perhaps fewer than 10%, or even 1%) and understood the biology of even fewer
(Novotny et al. 2002). As species vanish, so too does the health security of every
human. Earth’s species are a vast genetic storehouse that may harbor a cure for
cancer, malaria, or the next new pathogen — cures waiting to be discovered.
Compounds initially derived from wild species account for more than half of all
commercial medicines — even more in developing nations (Chivian and Bernstein
2008). Natural forms, processes, and ecosystems provide blueprints and inspira-
tion for a growing array of new materials, energy sources, hi-tech devices, and
other innovations (Benyus 2009). The current loss of species has been compared
to burning down the world’s libraries without knowing the content of 90% or
more of the books. With loss of species, we lose the ultimate source of our crops
and the genes we use to improve agricultural resilience, the inspiration for
manufactured products, and the basis of the structure and function of the ecosystems
that support humans and all life on Earth (McNeely et al. 2009). Above and beyond
material welfare and livelihoods, biodiversity contributes to security, resiliency,
and freedom of choices and actions (Millennium Ecosystem Assessment 2005).
Less tangible, but no less important, are the cultural, spiritual, and moral costs
inflicted by species extinctions. All societies value species for their own sake,
and wild plants and animals are integral to the fabric of all the world’s cultures
(Wilson 1984).

The road to extinction is made even more perilous to people by the loss of the
broader ecosystems that underpin our livelihoods, communities, and economies
(McNeely et al. 2009). The loss of coastal wetlands and mangrove forests, for
example, greatly exacerbates both human mortality and economic damage from
tropical cyclones (Costanza et al. 2008; Das and Vincent 2009), while disease
outbreaks such as the 2003 emergence of Severe Acute Respiratory Syndrome in
East Asia have been directly connected to trade in wildlife for human consumption
(Guan et al. 2003). Other consequences of biodiversity loss, more subtle but equally
damaging, include the deterioration of Earth’s natural capital. Loss of biodiversity
on land in the past decade alone is estimated to be costing the global economy
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$500 billion annually (TEEB 2009). Reduced diversity may also reduce resilience
of ecosystems and the human communities that depend on them. For example, more
diverse coral reef communities have been found to suffer less from the diseases that
plague degraded reefs elsewhere (Raymundo et al. 2009). As Earth’s climate
changes, the roles of species and ecosystems will only increase in their importance
to humanity (Turner et al. 2009).

In many respects, conservation is local. People generally care more about the
biodiversity in the place in which they live. They also depend upon these
ecosystems the most — and, broadly speaking, it is these areas over which they
have the most control. Furthermore, we believe that all biodiversity is important
and that every nation, every region, and every community should do everything
possible to conserve their living resources. So, what is the importance of setting
global priorities? Extinction is a global phenomenon, with impacts far beyond
nearby administrative borders. More practically, biodiversity, the threats to it, and
the ability of countries to pay for its conservation vary around the world. The vast
majority of the global conservation budget — perhaps 90% — originates in and is
spent in economically wealthy countries (James et al. 1999). It is thus critical that
those globally flexible funds available — in the hundreds of millions annually — be
guided by systematic priorities if we are to move deliberately toward a global goal
of reducing biodiversity loss.

The establishment of priorities for biodiversity conservation is complex, but can
be framed as a single question. Given the choice, where should action toward
reducing the loss of biodiversity be implemented first? The field of conservation
planning addresses this question and revolves around a framework of vulnerability
and irreplaceability (Margules and Pressey 2000). Vulnerability measures the risk
to the species present in a region — if the species and ecosystems that are highly
threatened are not protected now, we will not get another chance in the future.
Irreplaceability measures the extent to which spatial substitutes exist for securing
biodiversity. The number of species alone is an inadequate indication of conserva-
tion priority because several areas can share the same species. In contrast, areas
with high levels of endemism are irreplaceable. We must conserve these places
because the unique species they contain cannot be saved elsewhere. Put another
way, biodiversity is not evenly distributed on our planet. It is heavily concentrated
in certain areas, these areas have exceptionally high concentrations of endemic
species found nowhere else, and many (but not all) of these areas are the areas at
greatest risk of disappearing because of heavy human impact.

1.2 History of Hotspots

Myers’ seminal paper (Myers 1988) was the first application of the principles of
irreplaceability and vulnerability to guide conservation planning on a global scale.
Myers described ten tropical forest “hotspots” on the basis of extraordinary plant
endemism and high levels of habitat loss, albeit without quantitative criteria for the
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designation of “hotspot” status. A subsequent analysis added eight additional
hotspots, including four from Mediterranean-type ecosystems (Myers 1990).
After adopting hotspots as an institutional blueprint in 1989, Conservation Interna-
tional worked with Myers in a first systematic update of the hotspots. It introduced
two strict quantitative criteria: to qualify as a hotspot, a region had to contain at
least 1,500 vascular plants as endemics (>0.5% of the world’s total), and it had to
have 30% or less of its original vegetation (extent of historical habitat cover)
remaining. These efforts culminated in an extensive global review (Mittermeier
et al. 1999) and scientific publication (Myers et al. 2000) that introduced seven new
hotspots on the basis of both the better-defined criteria and new data. A second
systematic update (Mittermeier et al. 2004) did not change the criteria, but revisited
the set of hotspots based on new data on the distribution of species and threats, as
well as genuine changes in the threat status of these regions. That update redefined
several hotspots, such as the Eastern Afromontane region, and added several others
that were suspected hotspots but for which sufficient data either did not exist or
were not accessible to conservation scientists outside of those regions. Sadly, it
uncovered another region — the East Melanesian Islands — which rapid habitat
destruction had in a short period of time transformed from a biodiverse region
that failed to meet the “less than 30% of original vegetation remaining” criterion to
a genuine hotspot.

Analyses up to now have revealed a set of 34 biodiversity hotspots. These
regions collectively hold no fewer than 50% of vascular plants and 42% of
terrestrial vertebrates (amphibians, mammals, birds, and reptiles) as endemics
(Mittermeier et al. 2004). Because of the extreme habitat loss in these regions,
this irreplaceable wealth of biodiversity is concentrated in remaining habitat total-
ing just 2.3% of the world’s land area (3.4 million km?; the original extent of habitat
in these regions was 23.5 million kmz, or 15.7%).

In contrast with the terrestrial realm, data on the distribution and status of aquatic
species are just beginning to be synthesized at a global scale. The publication of a
first comprehensive global assessment of conservation priorities for an aquatic
system — the coral reef study by Roberts et al. (2002) — has led to much-needed
attention on marine hotspots. Our data on marine regions remain sparse compared
with information on terrestrial systems (Sala and Knowlton 2006), and our lack of
knowledge about freshwater systems is even more pronounced. However, signifi-
cant strides are being made on aquatic biodiversity, for example, with efforts such
as the Global Freshwater Biodiversity Assessment (Darwall et al. 2005) and the
Global Marine Species Assessment, which includes comprehensive status
assessments completed for reef-forming corals (Carpenter et al. 2008), and similar
work under way for many thousands of other species.

The impacts of the biodiversity hotspots on conservation have been diverse and
profound. Perhaps the most easily tracked metric is scientific impact. This metric
indicates that the hotspots benchmark paper, Myers et al. (2000), has been cited by
thousands of peer-reviewed articles, becoming the single most cited paper in the ISI
Essential Science Indicators category “Environment/Ecology” for the decade
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ending 2005. Yet the far more substantive impact has been in resource allocation.
Myers (2003) estimated that the hotspots concept focused US$750 million in
globally flexible funding over the preceding 15 years. Entire funding mechanisms
have been established to reflect global prioritization, among them are the US$235
million Critical Ecosystem Partnership Fund (cepf.net/) and the US$100 million
Global Conservation Fund (conservation.org/gcf/; GCF additionally targets high-
biodiversity wilderness areas). The ideas have also been incorporated into the
Resource Allocation Framework of the Global Environment Facility (gefweb.org/),
the largest conservation donor. All told, it is likely that the concept has focused well
in excess of US$1 billion on these globally important regions.

The last major hotspots update (Mittermeier et al. 2004) gave “honorable
mention” to two other areas, the island of Taiwan and the Queensland Wet Tropics
of northeast Australia, which just missed making the hotspots cutoff criteria.
However, it was noted that all the rain forests of east Australia, and not just the
very circumscribed Wet Tropics, should be included as a hotspot, but that data
gathering to support this had not yet been completed. That investigation has now
been concluded, showing that the region does in fact merit hotspot status, harboring
at least 2,144 vascular plant species as endemics in an area with just 23% of its
original vegetative cover remaining. This new addition to the hotspots list is
detailed in Williams et al. (2011), bringing the total number of hotspots to 35
(Fig. 1.1). Table 1.1 tracks the regions considered biodiversity hotspots from the
inception of the concept in 1988 through the various revisions to the present
version, which includes the Forests of East Australia Hotspot.

1.3 Hotspots and Biodiversity

As new data enable us to periodically update the hotspots, they also grant us an
increasingly complete picture of the natural wealth and human context of these
important areas. Here, we examine the current state of our knowledge, building
from earlier analyses with updated biodiversity data. The Global Mammal Assess-
ment (Schipper et al. 2008), for example, provides substantially revised data on the
status and distribution of Earth’s mammals, while recently compiled population
(LandScan 2006) and poverty (CIESIN 2005) data sets provide important socio-
economic context.

A total of 35 regions now meet the hotspot criteria, each holding at least 1,500
endemic plant species and each having lost 70% or more of its original habitat
extent. Combined, the 35 hotspots once covered a land area of 23.7 million kmz, or
15.9% of Earth’s land surface, just less than the land area of Russia and Australia
combined. However, as a result of the extreme habitat destruction in these regions
over the past century, what remains of the natural vegetation in these areas is down
to just 2.3% of the world’s land area (3.4 million km?), just greater than the land
area of India. More than 85% of the habitat originally present in the hotspots has
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been destroyed. This means that an irreplaceable wealth of biodiversity is
concentrated in what is in fact a very small portion of our planet.

Updated data and the addition of the Forests of East Australia Hotspot reconfirm
the extraordinary concentration of biodiversity within the hotspots (Table 1.2). The
hotspots hold more than 152,000 plant species, or over 50% of the world’s total, as
single-hotspot endemics, and many additional species are surely endemic to
combinations of hotspots. While plant numbers are based on specialist estimates,
major advances in the reliability of species distribution data allow much more
accurate statistics to be compiled for terrestrial vertebrates (birds, amphibians,
mammals, and reptiles). Overall, 22,939 terrestrial vertebrates, or 77% of the
world’s total, are found in the hotspots. A total of 12,717 vertebrate species
(43%) are found only within the biodiversity hotspots, including 10,600 that are
endemic to single hotspots and the remainder confined to multiple hotspots. Among
individual vertebrate classes, the hotspots harbor as endemics 1,845 mammals
(35% of all mammal species), 3,551 birds (35%), 3,608 amphibians (59%), and
3,723 reptiles (46%). If one considers only threatened species — those that are
assessed as Critically Endangered, Endangered, or Vulnerable on the ITUCN Red
List of Threatened Species (IUCN 2008) — we find that 60% of threatened
mammals, 63% of threatened birds, and 79% of threatened amphibians are found
exclusively within the hotspots. Although reptiles and amphibians show a greater
tendency toward hotspot endemism than the generally more wide-ranging birds and
mammals, the overall similarity among plant and various vertebrate taxa confirms a
general congruence of higher-priority regions across multiple taxa.

Although the concentration of species-level richness and endemism in the
hotspots is striking, it is not sufficient to assess the overall biological diversity of
the hotspots. It may be that other measures that assess phylogenetic diversity or
evolutionary history better represent some aspects of biodiversity — for example,
ecological diversity, evolutionary potential, and the range of options for future
human use — than does endemism at the species level alone. However, our knowl-
edge of phylogenetic information for entire clades is not yet sufficient for detailed
analysis of the evolutionary history found within hotspots or other regions (but see
Sechrest et al. 2002). Although the delineation of higher taxa (i.e., Linnean
categories) is somewhat subjective, taxonomic distinctiveness should be a useful
proxy for evolutionary, physiological, and ecological distinctiveness. Overall, the
biodiversity hotspots harbor a disproportionate share of higher taxonomic diversity,
holding as endemics 1,523 vertebrate genera (23% of all mammal, bird, fish, reptile,
and amphibian genera) and 61 families (9%). This is nowhere more striking than in
Madagascar and the Indian Ocean Islands Hotspot, which by itself harbors 175
endemic vertebrate genera and 22 endemic vertebrate families, the importance of
which cannot be overstated. Other island systems such as the Caribbean, New
Zealand, and New Caledonia harbor tremendous endemic diversity at higher taxo-
nomic levels, as do mainland systems such as the Tropical Andes and the Eastern
Afromontane region (Table 1.3).

Although by definition we know little about what future options biodiversity
may provide, time and again humanity finds solutions in biodiversity — medicines,
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Table 1.3 Hotspots with the greatest total number of endemic higher vertebrate taxa (all
mammals, amphibians, birds, freshwater fishes, and reptiles)

Hotspot (# endemics)

Rank Genera Families

Madagascar and the Indian

1 Ocean Islands (175) Madagascar and the Indian Ocean Islands (22)
2 Eastern Afromontane (119) Philippines (16)
3 Tropical Andes (103) Japan (8)
4 Sundaland (97) Sundaland (7)
5 Mesoamerica (78) Caribbean Islands (6)
Chilean Winter Rainfall and Valdivian Forests, Wallacea,
6 Indo-Burma (68) New Zealand, New Caledonia (4)
7 Caribbean Islands (65)
8 Atlantic Forest (63)
9 Wallacea (62)
10 Philippines (45) Mesoamerica, Indo-Burma, and Polynesia—Micronesia (3)

foods, engineering prototypes, and other products — that enhance human lives and
address our most pressing problems. It is thus difficult to overestimate the impor-
tance of maintaining the option value afforded by the vast storehouse of evolution-
ary diversity that the biodiversity hotspots represent. This is perhaps nowhere
illustrated more clearly than in the case of the gastric-brooding frogs of the genus
Rheobatrachus. Discovered in the early 1970s amid the streams and forests of
Australia, the two Rheobatrachus species were the only amphibians known to
incubate their young internally, in the mother’s stomach. Researchers noted that
the compounds secreted to avoid harm to the young might aid the development of
treatments for digestive conditions such as ulcers that affect millions of humans
worldwide. However, before these possibilities could be explored, the habitats of
these unique creatures had become so badly decimated that both species were
extinct by the mid-1980s (Hines et al. 1999). As they were endemic to what is
now known as the Forests of East Australia Hotspot, failure to conserve them there
resulted in their extinction. Redoubled effort is needed in the biodiversity hotspots
to ensure that we do not permanently foreclose the opportunity to learn from the
evolutionary innovations of other endemic taxa.

Concurrent to the development of the hotspots concept was the recognition of
the importance of conserving the least-threatened highly diverse regions of the
globe. These high-biodiversity wilderness areas (Mittermeier et al. 2003) are
defined on the basis of retaining at least 70% of their original habitat cover,
harboring at least 1,500 plant species as endemics, and having a human population
density of <5 people per km”. Based on the updated data used in this analysis, the
five High-Biodiversity Wilderness Areas (Amazonia, Congo Forests, Miombo-
Mopane Woodlands and Savannas, New Guinea, and North American Deserts)
hold 28% of the world’s mammals and 20% of the world’s amphibians, including
7% of mammals and 11% of amphibians as endemics, in about 7.9% of the world’s
land surface (6.1% including only intact habitats). While the highly threatened
hotspots must be conserved to prevent substantial biodiversity loss in the immediate
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future, there is also strategic advantage in investing in conserving biodiverse
wilderness areas, which by virtue of their intactness and comparatively lower
costs make good targets for proactive conservation action (Brooks et al. 2006).
For this reason, Conservation International has for the past two decades focused on
both the biodiversity hotspots and high-biodiversity wilderness areas as part of its
two-pronged strategy for global conservation prioritization.

1.4 Social and Economic Context

The biodiversity extinction crisis is one of several grave challenges facing human-
ity today. Climate change and the persistence of poverty pose the prospect of a grim
future for Earth and billions of its human inhabitants. These challenges, though, are
intimately intertwined. The same environmental degradation that threatens the
persistence of species contributes substantially to anthropogenic greenhouse gas
emissions and undermines the ecosystem services that support human communities.
Climate change will have particularly severe impacts on the poor (Ahmed et al.
2009) and jeopardizes a large portion of Earth’s species (IPCC 2007; Parmesan and
Yohe 2003; Thomas et al. 2004). Yet if these problems are inextricably linked, so
too are many solutions. Perhaps nowhere is this more evident than in the hotspots.
The hotspots, home to a major portion of the world’s terrestrial biodiversity, are
also home to a disproportionate share of its people (Cincotta et al. 2000). Recent
population data (LandScan 2006) show that the 35 hotspots contain about 2.08
billion people — 31.8% of all humans — in just 15.9% of Earth’s land area
(Table 1.4). Populations in hotspots are generally growing faster than the rest of
the world. Between the 2002 and 2006 releases of the LandScan population data set,
population within hotspots grew an estimated 6.0%, while Earth’s overall popula-
tion increased only 4.8%. Hotspots also contain a substantial fraction of the world’s
poor. Although spatially explicit estimates of poverty have not been compiled
globally, the incidence of child malnutrition provides one measure of the poverty
in an area and has been estimated at subnational scales worldwide (CIESIN 2005).
These data show that 21% of the world’s malnourished children live in hotspots.
The interactions between biodiversity, extreme habitat loss, other threats, and
socioeconomic context are complex. Past habitat loss may have indeed been
connected to poverty. For example, the lack of alternative sources for food, fuel,
shelter, and income can lead to exploitation of natural habitats to meet these urgent
needs. Yet rampant consumption of energy, food, and raw materials by both devel-
oped and developing countries has played just as great a role in the degradation of
these areas, albeit from regions often geographically distant from hotspots. But even
this more complete picture misses a critical point. Regardless of past causes, the
more pressing issue is that all of humanity depends on the habitats that remain in
biodiversity hotspots. Poor communities are often those most dependent on sustain-
ing the clean water, protection from storms, and other ecosystem services they
derive from nature. Based on Turner et al. (2007), the estimated value of all services
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Table 1.4 Population and poverty in the biodiversity hotspots

Child
Population Population Malnourished malnutrition
2006 density (1 km~2) children rate (%)

Tropical Andes 57,775,500 38 712,240 8
Tumbes-Choco-Magdalena 14,137,600 52 191,216 11
Atlantic Forest 111,817,000 91 464,519 5
Cerrado 28,011,300 14 160,894 5
Chilean Winter Rainfall and

Valdivian Forests 15,285,100 38 11,044 1
Mesoamerica 84,590,400 75 1,493,320 13
Madrean Pine—Oak

Woodlands 15,206,500 33 326,133 7
Caribbean Islands 37,516,000 164 214,842 6
California Floristic Province 36,663,100 125 10,744 0
Guinean Forests of West

Africa 89,016,200 144 3,466,330 21
Cape Floristic Region 4,269,870 54 27,044 7
Succulent Karoo 372,404 4 3,327 10
Maputaland-

Pondoland—Albany 19,598,000 72 179,398 7
Coastal Forests of Eastern

Africa 17,024,900 59 822,586 29
Eastern Afromontane 115,799,000 114 8,463,810 38
Horn of Africa 40,017,300 24 2,410,290 31
Madagascar and the Indian

Ocean Islands 21,731,700 36 1,345,790 39
Mediterranean Basin 239,517,000 115 899,708 5
Caucasus 37,073,900 69 226,073 9
Irano-Anatolian 51,799,500 58 708,419 11
Mountains of Central Asia 38,005,700 44 444,026 10
Western Ghats and Sri Lanka 51,856,400 275 2,827,980 36
Himalaya 102,492,000 138 5,839,790 40
Mountains of Southwest China 8,739,140 33 40,518 4
Indo-Burma 349,827,000 148 8,855,140 24
Sundaland 229,383,000 153 5,916,330 25
Wallacea 27,861,900 83 638,814 26
Philippines 87,757,400 296 2,846,180 28
Japan 125,347,000 335 0 0
Southwest Australia 1,816,030 5 0 0
East Melanesian Islands 1,284,660 13 0 0
New Zealand 3,935,730 15 0 0
New Caledonia 197,518 10 0 0
Polynesia—Micronesia 2,898,760 62 7,018 5
Forests of East Australia 9,147,190 36 0 0

All 35 hotspots 2,077,771,702 88 49,553,523 21
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provided by the hotspots’ remaining habitats is $1.59 trillion annually — on a per-area
basis more than seven times that provided by the average square kilometer of land
worldwide. This calculation is almost certainly an underestimate, as it does not
account for the increase in value that may result from the increasing scarcity of these
services in hotspots in the face of increasing need for them. Meanwhile, it is not just
the poor communities in hotspots that benefit from these services. For example,
based on recent data (Reusch and Gibbs 2008), the hotspots store more than 99 Gt of
carbon in living plant tissues, and still more in peat and other soils. The greenhouse
gas emission reductions that result from slowing high rates of habitat loss in these
regions are a critical contribution to slowing global warming.

Hotspots are very important for the survival of human cultural diversity. A study
of the distribution of human languages (Gorenflo et al. 2008) used human linguistic
diversity as a surrogate for human cultural diversity and found that about 46% of the
6,900 languages still spoken are found within the borders of the hotspots and at least
32% of languages are spoken nowhere else. This concentration very much parallels
what we see in terms of endemic species. What is more, it also includes a very high
proportion of the languages, and the unique cultures speaking them, most at risk of
disappearing over the next few decades.

Hotspots are also notable as centers of violent conflict. Another recent study
(Hanson et al. 2009) found that 80% of the world’s violent conflicts since 1950 (i.e.,
those involving more than 1,000 deaths) took place within the biodiversity hotspots
and most hotspots experienced repeated episodes of violence over the 60-year span.
This result suggests that, if conservation in hotspots is to succeed, conservation
efforts must maintain focus during periods of war and that biodiversity conservation
considerations should be factored into military, humanitarian, and reconstruction
programs in the world’s war zones.

1.5 Securing Hotspots for the Future

Threats to hotspots are similar to, although generally more intense than, threats to
biodiversity worldwide. Habitat destruction, projected to remain the dominant threat
to terrestrial biodiversity even in an era of climate change (Sala et al. 2000), is
pervasive in hotspots and driving extinctions in many (Brooks et al. 2002). The
growing impacts of climate change will be felt worldwide, as altered precipitation
and temperature, rising oceans, and climate-driven habitat loss threaten a large
fraction of species with extinction (Thomas et al. 2004) and drive desperate
human populations to further environmental degradation (Turner et al. 2010).
Other threats are less widespread, but felt severely in particular regions. Introduced
predators have devastated island hotspots, where species evolved in the absence of
domestic cats and rats and other invasive predators (Steadman 1995). Introduced
plants are having massive impacts on hydrology and biodiversity in some hotspots,
particularly those having Mediterranean-type vegetation (Groves and di Castri
1991). Exploitation for protein (e.g., bushmeat), for medicine, and for the pet trade
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threatens species in all hotspots, particularly the Guinean forests of West Africa
(Bakarr et al. 2001), Madagascar, and hotspots in Southeast Asia (van Dijk et al.
2000). Chitridiomycosis, a fungal disease, is recognized as a proximate driver of
amphibian declines and extinctions worldwide (Stuart et al. 2004; Wake and
Vredenburg 2008). It may prove to be the most destructive infectious disease in
recorded history, with a substantial effect on the hotspots, which harbor an astonish-
ing 59% of all amphibians as endemics.

The establishment and effective management of protected areas (Bruner et al.
2001) must continue to be the cornerstone of efforts to halt the loss of biodiversity,
both in the hotspots and elsewhere. These areas may be in the form of national parks
or strict biological reserves or may come in a variety of other forms, depending on
local context, including indigenous reserves, private protected areas, and commu-
nity conservation agreements of various kinds. An overlay of the hotspots with
protected areas with defined boundaries from the World Database on Protected
Areas (IUCN and WCMC 2009) reveals that 12% of the original area of the 35
hotspots is under some form of protection, while 6% is classified as IUCN category
[-IV protected area (which provides a higher degree of protection in terms
of constraints on human occupation or resource use). These numbers are
underestimates since boundaries for many protected areas have not been systemati-
cally compiled, and they certainly overestimate the land area that is managed
effectively. Yet the fraction of hotspots covered is less meaningful than the
locations themselves. Efforts to conserve the hotspots must focus on ensuring
long-term persistence of the areas already protected and strategically add new
protected areas in the highest priority unprotected habitats that remain intact as
indicated by systematic efforts to identify gaps in protected areas networks (e.g.,
Rodrigues et al. 2004).

Maintaining the resilience of hotspots in the face of climate change is another
major challenge. Changing temperature and precipitation patterns forces species to
move according to movement in their preferred habitat conditions, yet these
movements will often be both difficult for species to undertake and complex for
researchers to predict. Due to the nature of climatic gradients, the distances species
must move are likely to be shorter in mountainous terrain and longer in flatter
regions (Loarie et al. 2009). On the other hand, mountains are more likely to have
habitat discontinuities that make species dispersal more difficult. Meanwhile,
species’ tolerance to climate variability can be low (Tewksbury et al. 2008) and
changing climates are likely to produce a complex global mosaic of climates shifted
in space, climates which disappear in the future, and entirely novel climates
(Williams et al. 2007). To be successful, then, conservation planning must begin
to systematically plan actions in both space and time. Protecting the sites where
species currently exist is essential, particularly the Key Biodiversity Areas where
species are at greatest current risk (Eken et al. 2004). The hotspots, in fact, harbor
81% of the global total 595 Alliance for Zero Extinction sites — locations harboring
the sole remaining populations of the most threatened species (Ricketts et al. 2005).
If we lose these sites now, we will not be granted another chance to save their
species later. However, this is only the beginning. We must also protect habitats
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where species will be in the future, as well as provide “stepping stones” to facilitate
movement to these new ranges. Biologists are increasing their ability to anticipate
and plan for these needs (Hannah et al. 2007). To be successful, conservation in
a changing climate will require a very strong focus on ending further habitat
destruction as quickly as possible.

1.6 Conclusion

Based initially on plant endemism, the hotspots have in the past two decades been
confirmed as priority regions for the efficient conservation of biodiversity more
broadly. Collectively, they harbor more than half of all plant species and 43% of all
terrestrial vertebrates as endemics, an even greater proportion of threatened species,
and a substantial fraction of higher-taxonomic diversity. More recent information
has revealed that this phenomenal concentration of biodiversity into habitats cov-
ering a combined 2.3% of the world’s land area coincides with disproportionate
concentrations of ecosystem services in many of the regions where local
communities directly depend on the natural environment on a daily basis. While
conservation in these areas is made difficult by ongoing threats, scarce information,
and limited local financial capacity, conservation here is not optional. Indeed, if we
fail in the hotspots, we will lose nearly half of all terrestrial species regardless of
how successful we are everywhere else, not to mention an almost unthinkably large
contribution to greenhouse gas emissions and extensive human suffering resulting
from loss of ecosystem services upon which the human populations of the hotspots
ultimately depend. Ongoing research reviewed here and in the rest of this volume
serves as a rallying cry for greatly augmented funding, research, and political action
on behalf of hotspot conservation. The future of life on Earth depends on it.
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Chapter 2
A Tough Choice: Approaches Towards
the Setting of Global Conservation Priorities

Christine B. Schmitt

Abstract Owing to limited funding and time, non-governmental organisations,
research institutes and intergovernmental conventions developed different
approaches to highlighting those regions on earth that most urgently require
conservation efforts. The geographic location of these global conservation priorities
is to some extent similar or overlapping, and partly contradictory depending on the
underlying selection criteria, namely vulnerability, irreplaceability and representa-
tiveness; recently, carbon content of ecosystems has evolved as an additional
criterion. It is crucial to understand the rationale behind area selection because
the setting of priorities is per se a normative issue. This study, therefore, has the
objective to compare the selection criteria of the present approaches as a basis for
informed decision-making in the field of global nature conservation. While global
analyses are important for guiding international conservation strategies, more
detailed and specific conservation planning needs to take place at smaller spatial
scales considering ecological as well as socio-economic and political factors.

2.1 Introduction

There are many different reasons for nature conservation varying from aesthetic
admiration, spiritual awe and scientific curiosity to the tremendous socio-economic
benefits provided by functioning ecosystems and their biodiversity (Turner et al.
2007). In the past, protected areas have often been established in an ad hoc manner
motivated by lobby groups, politics or simply opportunity. Therefore, conservation
efforts often concentrated on remote areas where no conflict of interest occurred,
whereas ecosystems with value for commercial uses were overlooked (Chape et al.
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2005; Pressey 1994). Although chance events and plain rationales such as donor
wishes, historical relationships and political stability will continue to guide the
allocation of conservation funds (Halpern et al. 2006), there has been substantial
progress in making conservation planning more science-based and systematic
(Carwardine et al. 2009; Margules and Pressey 2000). This is paramount in devel-
oping protected area networks that are of adequate size and distribution to cover
important parts of the world’s biodiversity (Meir et al. 2004; Tear et al. 2005).

Given limited financial resources and time, systematic conservation planning
requires the setting of priorities regarding the natural areas where conservation
activities should kick off (Naidoo et al. 2006). Such decisions need to be made
nationally and regionally and also at the global level because ecosystems and
species are not confined within national borders. In fact, nature conservation has
become more and more of a global task, and many non-governmental organisations
(NGOs), intergovernmental agencies as well as private foundations aim to allocate
funding to those regions on earth where conservation activities are most urgently
needed (Balmford et al. 2003). They can draw from a wealth of initiatives and
approaches developed to identify such global conservation priorities.

To make matters more confusing, however, these initiatives and approaches
highlight a diverse range of ecosystems and geographic areas as key for global
conservation activities. The plethora of answers as to where protection is most
urgently required needs to be viewed against the fact that the setting of priorities is
per se a normative issue guided by value judgments and prior decisions about what
matters most (Johnson 1995). It is thus crucial to clearly state the rationale for area
selection in a transparent manner. This chapter systematically describes and
compares the underlying assumptions and criteria of the present approaches with
the aim to assist well-founded decision-making in nature conservation at national
and international levels.

2.2 Initiatives for the Setting of Global Conservation Priorities

2.2.1 NGO Approaches

In the 1990s and into the early 2000s, environmental NGOs together with scientists
and research institutes developed a number of different approaches for identifying
the terrestrial ecosystems on earth with the highest conservation priority from a
global perspective (Table 2.1). These approaches are largely based on ecological
selection criteria and can be grouped into three main categories: proactive, reactive
and representative (Brooks et al. 2006).

Proactive approaches prioritise areas of low vulnerability that still harbour large
and undisturbed ecosystems. They recommend starting conservation activities
before a region is actually threatened such as the remaining pristine rainforests of
the Amazon and the Congo basin (Bryant et al. 1997; Mittermeier et al. 2003;
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Table 2.1 Proactive, reactive and representative approaches for the selection of biodiversity
conservation priority areas at the global level mainly based on a combination of the ecological
criteria vulnerability and irreplaceability (see text and Brooks et al. 2006)

Approach Organisation Vulnerability Irreplaceability

Proactive approaches

Frontier forests World Resources Institute Low Low
(Bryant et al. 1997)

Last intact forest landscapes Greenpeace Low Low
(Greenpeace no year)

Last of the wild* Wildlife Conservation Society Low Low
(Sanderson et al. 2002)

Wilderness areas Conservation International Low Low
(Mittermeier et al. 2003)

High biodiversity wilderness Conservation International Low High
areas (Mittermeier et al.
2003)

Reactive approaches

Biodiversity hotspots Conservation International High High
(Mittermeier et al. 2004)

Alliance for Zero Extinction 52 Conservation organisations High High
(AZE) (Ricketts et al. 2005)°

Key biodiversity areas (KBAs)  Conservation International, High High
(Eken et al. 2004; Birdlife International,
Langhammer et al. 2007)° Plantlife International

Important Bird Areas (IBAs) Birdlife International High High
(Birdlife International 2010)b

Representative approaches

Centres of plant diversity (Davis WWF/IUCN - High
and Heywood 1994-1997)

Endemic Bird Areas (EBAs) Birdlife International - High
(Stattersfield et al. 1998)

Global 200 (Olson and WWF - High
Dinerstein 2002)

Megadiversity countries Conservation International - High

(Mittermeier et al. 1997)

For the measures of vulnerability and irreplaceability, see Tables 2.3 and 2.4, respectively

“The “last of the wild” approach is classified as proactive because it puts an emphasis on low
vulnerability. At the same time, it also has a representative aspect, because the least vulnerable
areas are selected for each biome in each realm on the land surface

"Site-specific approaches

Sanderson et al. 2002). In contrast, reactive approaches prioritise areas of high
vulnerability and, mostly, of high irreplaceability, e.g., the unique and severely
threatened natural ecosystems of Madagascar (Eken et al. 2004; Mittermeier et al.
2004). The underlying principle is that conservation measures are most crucial in
those regions on earth which are rich in biodiversity and under immediate threat of
destruction. Representative approaches have the objective to highlight all regions
considered important for conserving a representative part of the world’s
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biodiversity. Sites are primarily selected for their high degree of irreplaceability
without considering site vulnerability. While there is a shared understanding of
what vulnerability, irreplaceability and representativeness mean in a descriptive
sense, the quantitative characterisation of these terms is not as straightforward and
is based on a number of different measures and indicators (see Sect. 2.3).

Most of the presented approaches screen the planet for conservation priorities by
applying a predefined set of ecological criteria and generate so-called global
conservation priority templates (Brooks et al. 2006). The priority areas are
highlighted for their ecological quality not considering the socio-economic and
political feasibility of potential conservation actions (see Sect. 2.4). They encom-
pass vast geographic regions, e.g., the 24 “wilderness areas” have a mean size of
three million km? (Mittermeier et al. 2003), the 34 “biodiversity hotspots” of
700,000 km? and the mean size of the 142 terrestrial “Global 200 is
400,000 km* (UNEP-WCMC et al. 2008). It is evident that these priority areas
cannot be protected as a whole; the aim rather is to draw attention to larger regions
that urgently require more detailed assessment and conservation planning at a finer
geographic resolution (e.g., Mittermeier et al. 2004; Olson and Dinerstein 2002).

In contrast, the site-specific approaches that have the manageability of an area as
an explicit objective prioritise smaller areas, namely the key biodiversity areas
(KBAs) and their subsets, Alliance for Zero Extinction (AZE) sites with a median
size of 120 km? (Ricketts et al. 2005) and the Important Bird Areas (IBAs) with
mean sizes varying between 150 kmz, 260 km? and 1,700 km? in Asia, Europe and
Africa, respectively (L. Fishpool, personal communication). While most of the
global conservation priority templates were generated for the whole globe at one
time, area identification under the site-specific approaches is a continuous process
that is still ongoing in many different countries.

2.2.2 International Conventions

Next to the organisation-driven approaches, there are international conventions that
deal with the setting of conservation priorities, for instance the Ramsar Convention
(adopted in 1971, 159 Parties), the World Heritage Convention (adopted in 1972,
186 Parties) and the Convention on Biological Diversity (CBD) (adopted in 1993,
193 Parties) (Table 2.2). Conventions are binding international agreements with the
contracting parties committing themselves to particular tasks and goals as defined
in the convention text and during subsequent meetings that take place at regular
intervals.

The World Heritage Convention “aims at the identification, protection, conser-
vation, presentation and transmission to future generations of cultural and natural
heritage of outstanding universal value” (World Heritage Center 2008). For this
purpose, it has established the World Heritage List, which includes 689 cultural,
176 natural and 25 mixed sites in 148 States Parties (February 2010). The Ramsar
Convention’s mission is “the conservation and wise use of all wetlands through
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Table 2.2 Examples of criteria and obligations related to the selection and management of
conservation priority areas under the World Heritage Convention, the Ramsar Convention and
the Convention on Biological Diversity

UNESCO Convention concerning the Protection of the World Cultural and Natural Heritage
(http://whc.unesco.org/)

World Heritage sites (World Heritage Center 2008)

« Sites of outstanding universal value, i.e., “cultural and/or natural significance which is so
exceptional as to transcend national boundaries and to be of common importance for present
and future generations of all humanity”.

« For example, “the most important and significant natural habitats for in situ conservation of
biological diversity, including those containing threatened species of outstanding universal
value from the point of view of science or conservation”.

« Sites “must have adequate long-term legislative, regulatory, institutional and/or traditional
protection” [and] “should have an appropriate management plan”.

Convention on Wetlands of International Importance (Ramsar Convention)
(http://www.ramsar.org)

Wetlands of International Importance (Ramsar Convention Secretariat 2006)

« Sites containing representative, rare or unique example of wetland types.

« Sites of international importance for conserving biological diversity such as globally
threatened species (IUCN Red List), threatened ecological communities, waterbirds, fish and
other wetland-dependent species.

« For example, site supports 20,000 or more waterbirds, or regularly supports at least 1% of the
individuals in a population of one (sub-)species of waterbirds

« Parties shall promote the wise use of wetlands in their territory, and establish nature reserves
on wetlands, whether they are included in the List or not (Articles 3 and 4)

Convention on Biological Diversity (CBD)
(http://www.cbd.int)

Programme of Work on Protected Areas (decision VII/28)

» “[...] establishment and maintenance by 2010 [...] of comprehensive, effectively managed,
and ecologically representative national and regional systems of protected areas that
collectively [...] contribute to achieving the three objectives of the Convention and the 2010
target to significantly reduce the current rate of biodiversity loss”.

2010 Target (Provisional framework for goals and targets, decision VII/30)
» Target 1.1: At least 10% of each of the world’s ecological regions effectively conserved.
« Target 1.2: Areas of particular importance to biodiversity protected.
« Target 2.2: Status of threatened species improved.

local, regional and national actions and international cooperation, as a contribution
towards achieving sustainable development throughout the world” (Ramsar Con-
vention Secretariat 2006). It has established the Ramsar List of Wetlands of
International Importance with 1,886 listed sites (February 2010).

When compared with the other two conventions, the CBD has the most compre-
hensive approach towards the setting of global conservation priorities, since one of
its three main objectives basically is “the conservation of biological diversity”
(CBD Article 1). It has established seven thematic Programmes of Work for
particular ecosystems, a cross-cutting Programme of Work on Protected Areas,
and in 2002 adopted the 2010 Biodiversity Target to “achieve by 2010 a significant
reduction of the current rate of biodiversity loss”. The CBD does not issue a list of
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priority areas but gives general guidelines on how these areas should be selected at
the national level by individual parties (Table 2.2).

The ecological criteria employed by the conventions can be related to the aspects
of vulnerability, irreplaceability and representativeness, but each convention has a
different focus (Table 2.2). The World Heritage Convention puts much emphasis
on irreplaceability in terms of the outstanding universal value of a site. The
selection criteria for the World Heritage List are rather intuitive and rely quite
strongly on expert opinion (World Heritage Center 2008). In contrast, Ramsar site
selection is predominantly based on thorough quantitative criteria that were also
used as “role models” in the development of the IBA and KBA concepts
(Langhammer et al. 2007; Ramsar Convention Secretariat 2006). The CBD
considers all three aspects, but the selection criteria remain at a general level except
for the numeric 10% target, leaving room for countries and organisations to develop
more specific definitions.

The conventions are an indication for what nation states are willing to commit to
in terms of biodiversity conservation priorities and policies at the international
level. The agreements are strongly shaped by the political objective of maintaining
national sovereignty and have in common that the responsibility for selecting,
proposing and managing the sites lies primarily with the contracting parties. As a
result, the selection criteria are sufficiently general for individual interpretation at
party level (CBD), or they are explicit but the related obligations for countries are
rather weak; e.g., the Ramsar Convention uses quantitative criteria in site selection
for the Ramsar List, but Parties are not obliged to establish protected areas in those
sites (Table 2.2). The World Heritage Convention lists relatively few outstanding
sites globally; building successfully on national pride and international prestige
most of these sites are legally protected (Magin and Chape 2004).

2.3 Ecological Criteria for the Selection of Global
Conservation Priority Areas

The previous section introduced vulnerability, irreplaceability and representative-
ness as the three main ecological criteria for the selection of global conservation
priority areas. However, there is large variability in the indicators used for
quantifying or estimating these criteria.

2.3.1 Vulnerability

Vulnerability (or threat, endangerment) refers to the likelihood that an area’s
biodiversity will be disturbed or lost to current or future threatening processes
(Pressey and Taffs 2001). The presented approaches measure vulnerability by
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Table 2.3 Measures of vulnerability as defined by the approaches listed in Table 2.1

Approach Measure
Based on habitat extent and measures of human impact
Frontier forests — Forest area: large, primarily forested, natural forest structure, viable
populations of typical plant and animal species.
Last intact forest — Forest area: >500 km?, canopy cover >20%, width >10 km
landscapes without visible sign of significant human impact
Last of the wild — Human influence index: based on population density, land
transformation, accessibility and electrical power infrastructure
(High biodiversity) — Area >10,000 km? with >70% of its original habitat intact and
wilderness areas population density <5 people/km?
Biodiversity hotspots — Area lost >70% of its original habitat (i.e., historical habitat extent

500 years ago)
Based on IUCN Red List of Threatened Species

Alliance for Zero — Site must contain the entire population of at least one endangered
Extinction (AZE)* (EN) or critically endangered (CR) species

Key biodiversity areas — Regular occurrence of a globally threatened species at the site in
(KBAs)* significant numbers, i.e., presence of a single individual for

critically endangered (CR) and endangered (EN) species; 30
individuals or ten pairs for vulnerable species (VU).
Important Bird Areas — Site regularly holds significant numbers of one or more globally
(IBAs)? threatened species
For references see Table 2.1
“Site-specific approaches

quantifying either the extent of remaining natural habitat or the degree of human
impact in an area (Table 2.3). In a more indirect way, they also consider an area as
vulnerable if it contains globally threatened species according to the [UCN Red List
of Threatened Species. Such an internationally well-established and widely
accepted threat classification system does not yet exist for threatened habitat or
ecosystem types at the global level, but only for particular regions, e.g., the EU
priority habitat types (Council Directive 92/43/EEC).

In addition, some approaches rely on expert knowledge or intuition to define
vulnerability. For instance, “frontier forests” are defined as “large intact natural
forest ecosystems [that are] relatively undisturbed and big enough to maintain all of
their biodiversity, including viable populations of the wide-ranging species
associated with each forest type” (Bryant et al. 1997). The “centres of plant
diversity” are mainly representative approaches, but also take note if experts
consider a site as “threatened or under imminent threat of large-scale devastation”
(Davis and Heywood 1994-1997).

Most approaches have a specific threshold level to indicate site vulnerability
(Table 2.3). This threshold can be set in a way to define high vulnerability, e.g., site
contains the entire population of at least one (critically) endangered species (AZE)
or to define low vulnerability, e.g., area larger than 10,000 km? with at least 70% of
its original habitat intact (wilderness areas). In contrast, the human influence index
(last of the wild) is calculated as the continuum of human influence across the
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planet between 0 and 100% at a resolution of 1 km”. Subsequently, the “last of the
wild” are defined as the ten largest contiguous areas with relatively low, i.e.,
0-10%, human influence in each biome in each realm (for definition see Olson
et al. 2001), with their actual size depending on the spatial pattern of population
density and infrastructure. While in some biomes the areas defined as the “last of
the wild” are larger than 100,000 kmz, they can be below 5 km? in others
(Sanderson et al. 2002).

With the exception of some “last of the wild”, habitat-based measures of
vulnerability highlight very large areas as conservation priorities. This includes
all proactive approaches because their explicit aim is to draw attention to the
remaining vast and undisturbed areas at a global scale (Table 2.1). On the contrary,
most reactive approaches are based on species-based criteria and highlight smaller
and exactly delimited sites for conservation. They are constrained by the fact that
adequate data are only available for a limited number of taxa or taxonomic groups,
which can render them spatially and taxonomically biased and rather expensive
(Cowling et al. 2004; Knight et al. 2007).

2.3.2 Irreplaceability

Irreplaceability (or uniqueness, rarity) is the importance of an area in contributing
to a specific set of conservation targets (Pressey and Taffs 2001). While vulnerabil-
ity has a temporal dimension, e.g., sites with low vulnerability will retain options
for conservation in the future, irreplaceability refers to the degree to which geo-
graphic (or spatial) options for conservation will be lost if that particular site is lost
(Brooks et al. 2006).

In the context of regional conservation planning, irreplaceability is often
measured or estimated with complex statistical techniques (see Segan et al.
2010). In contrast, the approaches for the setting of global conservation priorities
use simpler definitions or thresholds for irreplaceability (Table 2.4). For instance,
irreplaceability is measured by considering the species richness and endemism of
the area, or according to the importance of an area for a particular species, such as
restricted-range species or congregatory species, €.g., colony-breeding birds.

Measures for irreplaceability that include ecosystem and/or habitat
characteristics are less common. With the main emphasis on species richness and
endemism, the “centres of plant diversity” also consider some additional criteria,
namely having an important gene pool of plants of value to humans, a diverse range
of habitat types and a significant proportion of species adapted to special edaphic
conditions (Davis and Heywood 1994—-1997). The “Global 200 uses a biological
distinctiveness index composed of weighted scores for different biodiversity
parameters (Table 2.4). Due to regional differences in data availability and in
line with the representative character of the approach, this index was compared
only within the set of ecoregions sharing the same biome (Olson and Dinerstein
2002). In the case of intactness, the differentiation between vulnerability and
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Table 2.4 Measures of irreplaceability as defined by the approaches listed in Table 2.1

Approach Measure

Based on species richness and endemism

Biodiversity hotspots, High — Area with >1,500 endemic species of vascular plants
biodiversity wilderness areas (equals 0.5% of the global total)

Centres of plant diversity — Sites with >1,000 vascular plant species and/or >100

species (=10%) as endemics (for islands >50 endemics or
10% of the flora)

Megadiversity countries — Countries ranked by species number of higher plants,
mammals, birds, reptiles and amphibians

Based on abundance/range of particular species
Alliance for Zero Extinction

— Site is sole area where an endangered (EN) or critically
(AZE)*

endangered (CR) species occurs, or contains >95% of the

EN or CR species’ global population for at least one life

history segment

Key biodiversity areas (KBAs)* — Site holds >5% of the global population of one or more
restricted-range species or species with large but clumped
distributions, or (seasonally) >1% of the global
population of a congregatory species [...], or
biogeographically restricted assemblages

Important Bird Areas (IBAs)* — Area is one of a set of sites that together hold a suite of
restricted-range species or biome-restricted species and/or
has exceptionally large numbers of migratory or
congregatory species (for specific threshold level see
Birdlife International 2010)

Endemic Bird Areas (EBAs) — Area encompasses the overlapping breeding ranges of two

or more restricted-range (<50,000 kmz) landbirds

Including habitat/ecosystem characteristics

Global 200 — Species richness and endemism, higher taxonomic

uniqueness, unique ecological or evolutionary
phenomena, global rarity, intactness

For references see Table 2.1
“Site-specific approaches

irreplaceability is difficult to make; intactness can refer to low site vulnerability in a
temporal sense, but also to site irreplaceability in a spatial dimension if only one
intact habitat is left.

2.3.3 Representativeness

Representativeness refers to the need for protected areas to represent, or sample, the
full variety of habitat types, species assemblages, ecological processes or other
natural features that are characteristic for a given region (Margules and Pressey
2000). By definition, representativeness is a very ambiguous criterion because it
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Table 2.5 Aspects of representativeness as considered by the approaches listed in Table 2.1

Approach Aspect

Relative to geographic units

Last of the wild Representation of each biome in each realm

Global 200 Representation of characteristic habitat and ecosystem features

within each biome in each realm
Relative to global species richness
Megadiversity countries Represent the largest part of global species richness
Centres of plant diversity Represent the most important areas for global plant diversity

Endemic Bird Areas (EBAs) Represent the most important places for habitat-based
conservation of birds worldwide

For references see Table 2.1

strongly depends on the ecological target selected and on the geographic unit
considered (Table 2.5).

It can be measured, e.g., in relation to broad, fairly homogeneous biogeographic
regions (last of the wild), in relation to characteristic habitat and ecosystem features
within each biogeographic region (Global 200) or in relation to national boundaries
(megadiversity countries). Other approaches do not define geographic units, but
instead measure representativeness according to the species richness of plants
(centres of plant diversity) or birds (Endemic Bird Areas, EBAs). A crucial issue
is when representativeness is achieved, i.e., how many ecosystems adequately
represent all global ecosystems (e.g., Global 200) and which number of species is
representative of the global species pool (e.g., megadiversity countries).

The conventions have quite different viewpoints on the issue of representative-
ness. While the World Heritage Convention was not established to include repre-
sentativeness in the beginning (Magin and Chape 2004), the Ramsar Convention
mentions the importance of representative wetland types (Ramsar Convention
Secretariat 2006). The CBD recognises the value of ecologically representative
systems of protected areas at national and regional levels. It also puts forward the
much debated 10% target for the conservation of the world’s ecological regions
(decisions VII/28 and VII/30). Studies that aimed at assessing global progress
towards this target illustrate the difficulty of defining representativeness across
different ecological scales and geographic units (see Sect. 2.5).

2.4 Socio-economic and Political Factors

While consistent ecological criteria are key in prioritising the globally important
areas for biodiversity conservation, consideration of socio-economic and political
factors is crucial in setting more specific conservation targets that quantify the
amount of a particular biodiversity feature or priority area that can be protected with
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a given budget (Carwardine et al. 2009; Margules and Pressey 2000). A clear
understanding of the economic costs and social constraints related to a particular
conservation action will support decision makers in recognising the potential
synergies and trade-offs between biodiversity conservation, economic development
and societal preferences (Naidoo and Ricketts 2006).

For instance, setting aside an area for conservation usually involves the imple-
mentation of commercial use restrictions, which translate into opportunity costs
such as timber volume and agricultural production. In addition, there are other kinds
of conservation costs such as acquisition costs, ongoing costs associated with
management and maintenance, transaction costs, damage costs and the costs of
tackling larger-scale threats to the area (Balmford et al. 2003; Naidoo et al. 2006).
Since many protected areas restrict not only commercial but also recreational and
cultural uses, their successful, long-term implementation depends on societal
acceptance, in particular at the local level (Carwardine et al. 2009). Important
issues for consideration in this context are the potential availability of conservation
area, involvement of local and indigenous communities and selection of the appro-
priate governance type and level of protection for the prospective protected area
(Dudley and Parish 2006). As there are no simple prescriptions for the weighting of
ecological and socio-economic criteria, dilemma situations are likely to arise in
areas where both biodiversity value and conservation costs are extremely high.

Owing to the difficult issue of national sovereignty, the presented conventions
refer to the socio-economic and political aspects of priority area selection in a rather
general manner only (see Table 2.2). Besides, none of the global conservation
priority templates incorporates relative benefit—cost ratios of conservation into the
selection scheme. This is due to the fact that the templates aim at highlighting areas
of high biodiversity value independent of the conservation costs, and clearly state
that these regions do not represent exact targets for conservation implementation
(e.g., Olson and Dinerstein 2002). In addition, there is a lack of spatially explicit
economic data that would be appropriate for the use in conservation planning at the
global level (Naidoo et al. 2006). Studies that try to compare conservation costs and
benefits globally have to rely largely on heuristics and simplistic estimates
(Balmford et al. 2003; Wilson et al. 2006).

The site-specific approaches — IBAs, KBAs and AZE sites — put an emphasis on
ecological selection criteria and also consider the socio-economic dimension of
priority setting, albeit in a rather vague manner. In the case of IBAs, the sites must
be amenable for conservation action and management with the aim to get all sites
under (inter-)national legal protection (Birdlife International 2010). KBAs are
delineated as sites that are, or could potentially be, managed for conservation,
while AZE sites should share common management issues; the types of appropriate
conservation measure can vary with socio-economic context. Actual conservation
planning processes for these sites only start in an ex post manner. The implementa-
tion of protected areas or other conservation measures, therefore, lags behind site
identification (Eken et al. 2004; Ricketts et al. 2005). In these local and regional
level conservation planning processes, it is possible and indispensable to consider
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measures or estimates of conservation costs and social acceptance (Carwardine
et al. 2009; Margules and Pressey 2000; Moore et al. 2004; Pressey and Taffs 2001).

2.5 Distribution and Conservation Status of Global
Conservation Priorities

Despite the large amount of data and analyses available, the crucial question where
exactly the most urgent conservation priority areas are located globally is still
difficult to answer. In total, 79% of the Earth’s land surface is identified as a
conservation priority at least by one of the global templates (Brooks et al. 2006).
Generally, forest ecosystems are of key conservation importance; for instance, all
34 “biodiversity hotspots” and 138 out of 142 terrestrial “Global 200" ecoregions
contain at least some forest cover (Schmitt et al. 2009). Furthermore, 83% of the
218 EBAs and 73% of the 234 “centres of plant diversity” are located in forests
(WRI 2000).

Amongst the proactive approaches, there is consensus regarding the location of
the remaining large and unfragmented landscapes on earth (Brooks et al. 2006).
They mostly highlight vast and intact forest landscapes in the boreal zone and in the
tropics as well as large desert areas on all continents. The reactive and representa-
tive approaches, which include species richness and endemism as predominant
selection criteria (see Sect. 2.3), put strong focus on tropical forest ecosystems
because these are extremely species rich and, in many cases, also highly vulnerable.
This is most obvious regarding the AZE sites that are almost exclusively located in
tropical forest (Ricketts et al. 2005); it is also the case for the species-based
representative approaches, pointing out the global areas with high plant species
(centres of plant diversity), bird species (EBAs) or general species (megadiversity
countries) richness. To a lesser extent, Mediterranean ecosystems are highlighted
for their outstanding species richness and high vulnerability, e.g., by “biodiversity
hotspots” and the “Global 200"

Considering the bias towards the tropics inherent in approaches based on high
threat and species richness, habitat-based approaches such as the “last of the wild”
and the “Global 200” may be better suited for highlighting a spectrum of the global
ecosystems for conservation. Both point out conservation priorities in each biome
in each realm; however, the highlighted areas differ substantially (Brooks et al.
2006), because the “last of the wild” approach uses intactness as a selection
criterion, while the “Global 200” use the biological distinctiveness index (see
Sect. 2.3).

The CBD takes the habitat-based, representative approach one step further.
Without relying on additional criteria or indices, the convention postulates that
“at least 10% of each of the world’s ecological regions [should be] effectively
conserved” (decision VII/30). Thus, each type of ecological region globally
becomes a conservation priority. While the 10% protection threshold is an arbitrary



2 A Tough Choice: Setting Global Conservation Priorities 35

value and has been much criticised from an ecological point of view, it is an
important political target for guiding international conservation commitment
(Carwardine et al. 2009; Svancara et al. 2005). It also points to the important
issue of how much of the global ecosystems and conservation priority areas are
actually formally protected.

This question is explored by gap analyses that evaluate to which extent protected
areas represent important biodiversity elements at different geographic scales. The
CBD promotes the conducting of gap analyses at the national level (Dudley and
Parish 2006) and has stimulated a number of global studies related to the 10%
protection target. They assess, for instance, the level of global protected area
coverage for different biogeographic units, for conservation priority areas, for
threatened species and forest ecosystems (Table 2.6).

Generally, global gap analysis is constrained by incomplete datasets on
protected areas and species and by a lack of global consensus on the delineation
of different ecosystem types, in particular forests (Schmitt et al. 2009). Despite
these shortcomings, global gap analyses can provide crucial information on where
on earth the protected area system needs to be expanded further. They show that
although the spatial coverage of protected areas has been increasing globally (for an
overview see Jenkins and Joppa 2009), there are still many ecological regions and
priority areas with inadequate protected area cover. Closing these global conserva-
tion gaps requires more detailed systematic conservation planning at national and
regional levels that also takes into account socio-economic factors as pointed out
above.

2.6 Outlook: Climate Change, Carbon and Conservation
Priority Setting

Recently, the prioritisation debate has taken a new turn by considering potential
synergies between biodiversity conservation and the maintenance of ecosystem
services (Turner et al. 2007). In addition to the established criteria vulnerability,
irreplaceability and representativeness, the carbon content of ecosystems, in partic-
ular, has become a new criterion for the setting of global conservation priorities and
the allocation of global conservation funding (Scharlemann et al. 2010; Strassburg
et al. 2010; UNEP-WCMC 2008a). This is due to the important role of natural
carbon storage and sequestration in global climate regulation (Gullison et al. 2007).

This issue has received much attention internationally beyond the realm of
conservation planning since the discussions on reducing CO,-emissions from
deforestation in the tropics entered the official negotiations of the United Nations
Framework Convention on Climate Change (UNFCCC) in 2005. A global mecha-
nism on reducing emissions from deforestation and forest degradation in develop-
ing countries (REDD) has been hotly debated since, now called REDD+ due to the
inclusion of issues such as conservation, sustainable management of forests and
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enhancement of forest carbon stocks (Pistorius et al. 2010). With approximately
1.5 Gt of carbon emitted annually from the clearing and degradation of tropical
forests (Gullison et al. 2007), the rationale is that developing countries will be
compensated if they succeed in reducing their emissions of greenhouse gases
resulting from such activities. The REDD+ mechanism is likely to be included in
a post-2012 climate regime and could lead to unprecedented new financing inter
alia for tropical forest conservation. Yet, the extent to which the implementation of
REDD+ will have a positive impact on biodiversity conservation depends on
pending decisions regarding its scope, definitions, reference levels, leakage and
financing (Harvey et al. 2009; Miles and Kapos 2008; Pistorius et al. 2010).

Encouraged by the ongoing negotiations on REDD+, there are many initiatives
to identify priority areas that can serve both climate change mitigation and biodi-
versity conservation. The greatest opportunities for synergy lie in tropical forest
areas, where the overlap of high biodiversity and high ecosystem service value
including climate regulation is highest (Strassburg et al. 2010; Turner et al. 2007;
UNEP-WCMC 2008a). So far, assessment of the spatial relationship between areas
high in biodiversity and high in carbon is constrained by uncertainties. For instance,
global data for carbon storage in terrestrial ecosystems have rather low resolution
and are largely based on estimates (UNEP-WCMC 2008a). Besides, the measure-
ment of carbon stored in above and below ground biomass is quite advanced, but
there is a lack of agreement on the value of different ecosystems for carbon
sequestration and the magnitude of soil carbon fluxes following land-use change
(Strassburg et al. 2010). It is also important to keep in mind the implications of a
narrow focus on high carbon and high biodiversity areas, especially if biodiversity
is simply measured in terms of species richness.

For instance, the Amazon and the Congo basin have simultaneously high carbon
densities and species richness, but relatively few restricted-range or threatened
species (Strassburg et al. 2010). Furthermore, there is a risk that the implementation
of a carbon-focused REDD+ mechanism might accelerate the conversion and
degradation of biodiversity-rich but relatively carbon-poor regions, because con-
servation investment will be directed away from them while human pressure is
likely to increase, as carbon-rich areas become the focus of conservation attention
(Miles and Kapos 2008). Areas potentially at risk include some “biodiversity
hotspots” (see Sect. 2.2.1) that have outstanding species richness but are relatively
carbon poor such as the Brazilian Cerrado, the Cape Floristic province, and the
Succulent Karoo in Southern Africa (Strassburg et al. 2010). Finally, the debate on
REDD+ bears the danger of neglecting the fact that temperate and boreal forests
might not be as species rich as tropical forests but also important in terms of carbon
(e.g., Keith et al. 2009).

Similar to the global conservation priority templates presented above, global
overlays of high carbon and high biodiversity areas can only give a general
overview of where conservation actions are needed most. More detailed conserva-
tion planning needs to take place at smaller spatial scales taking into account the
whole range of ecological, socio-economic and political factors. The national
REDD+ strategies that are currently being developed by many countries bear the
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potential to establish comprehensive land-use planning programmes that use the
different global to site-specific information on conservation priority areas to estab-
lish national biodiversity objectives and facilitate the implementation of conserva-
tion measures on the ground (Pistorius et al. 2010).

2.7 Conclusions

Attempts to decide which of the presented approaches for the setting of global
conservation priorities is the optimal one will certainly create stalemate situations.
Although the employed selection criteria are mostly governed by scientifically
defendable threshold levels, the prior assumptions about “what” is important are
of normative and philosophical nature. It is hardly possible to prove in a broader
sense that economic value stands above intrinsic value of an ecosystem or to decide
on which threatened species and ecosystems deserve continued conservation action
and which ones do not. Similarly, it is difficult to weigh the conservation of the
outstanding against the conservation of the representative.

The emotional nature of value judgements underlines that the different
approaches are complementary. As illustrated by the variety of measures for
irreplaceability, vulnerability and representativeness, the complex distribution pat-
tern of global biodiversity in terms of genes, species and ecosystems inhibits an
easy “one size fits all” solution for priority setting. Each approach thus highlights a
critical aspect of global biodiversity. Together with the protected area gap analyses,
they form a profound data basis on the distribution and conservation status of
the earth’s ecosystems and species. The variety of global priorities also offers the
opportunity to serve the different individual preferences of private and public
stakeholders who are willing to provide funding for conservation action on
the ground.

The environmental conventions demonstrate that the international community
increasingly recognises the value of the whole range of ecosystems globally. While
earlier conventions focus on outstanding sites or specific ecosystems such as
wetlands, the CBD highlights a variety of ecosystems and puts much emphasis on
the representativeness of global conservation action. This bears the advantage that
each nation state is assigned a responsibility to contribute towards a common global
objective.

It is crucial that global prioritisation and gap analysis are followed up by work at
regional and national scales. These are the critical levels for implementing conser-
vation measures, because the implementation process needs to consider particular
economic, social and political constraints and the effectiveness of existing
protected areas. While this study has shown that there is a wealth of expertise
regarding area prioritisation and systematic conservation planning, one remaining
challenge is the development and implementation of cost and time efficient moni-
toring systems for biodiversity conservation that can make sure that the conserva-
tion objectives are achieved and maintained in the long run.
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Finally, global climate change adds further challenges to the selection of priority
areas for conservation. The evolving REDD+ mechanism has the potential to
generate unprecedented funding for tropical forest conservation and sustainable
land use management in developing countries. It is paramount that the existing
approaches for the setting of conservation priorities are considered in national
REDD+ strategies to maximise the synergies between emission reduction
objectives and biodiversity conservation. At the same time, global climate change
creates an enormous uncertainty regarding the future geographic distribution of
species and ecosystems. With this in mind, the habitat-based representative
approaches towards priority setting bear some advantages. It is likely that attempts
to maintain a large and representative variety of functioning ecosystems globally
will increase chances for successful climate adaptations. Besides, incorporating the
issue of representativeness into conservation planning can stimulate the creation of
larger and better connected protected area systems and the exploration of conser-
vation solutions beyond protected areas.
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Chapter 3
Quantifying Biodiversity: Does It Matter
What We Measure?

T. Jonathan Davies and Marc W. Cadotte

Abstract The pace and severity of the current extinction crisis is unprecedented, and
there is a large disparity between the scale of the problem and the available recourses
with which to mitigate it. Prioritising conservation efforts is therefore critical. With
the extinction of species, we lose not only taxonomic diversity but also the ecosystem
services they provide and the evolutionary history represented on the branches of the
tree of life from which they subtend. How we value these alternative currencies of
biodiversity might influence global conservation strategy and resource allocation.
Fortunately, different currencies frequently covary closely, for example, maximising
species richness will also do well at capturing evolutionary history. Nonetheless,
differences exist at the margins, and these can have significant impact on ordering
conservation priorities. Further, costs also vary and some currencies rank similar
attributes differently (e.g., extinction risk versus latent risk). Conservation biologists
must be prepared for the difficult choices that lie ahead.

3.1 Introduction

The term biodiversity was formally defined at the 1992 United Nations Conference
on Environment and Development in Rio de Janeiro as “the variability among
living organisms from all sources, including, ‘inter alia’, terrestrial, marine and
other aquatic ecosystems, and the ecological complexes of which they are part: this
includes diversity within species, between species and of ecosystems”. More
recently, biodiversity has become a catch-all — frequently used in the conservation
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literature to represent any one of multiple levels of biological complexity, from
individual genes to ecosystem processes (see Ferrier 2002). Whatever the precise
definition, as species are lost through extinctions, so too will be additional
components of biodiversity, including the associated ecosystem services they
provide, and the millions of years of unique evolutionary history they represent.

Current species extinction rates are estimated to be over an order of magnitude
greater than background rates (Pimm et al. 1995) and are projected to increase
further over the next several decades if current trends continue (Mace et al. 2005).
The terrestrial environment is now dominated by people — approximately 1/3 of
land area has been transformed for human use (Vitousek et al. 1997) and 1/4 of
global productivity diverted to human consumption (Haberl et al. 2007). The main
direct human-induced drivers that impact biodiversity now are habitat loss and
fragmentation; whereas climate change is likely to become a dominant future
driver, with up to 37% of species projected to be committed to global extinction
by 2050 under some scenarios (Thomas et al. 2004). In mammals, perhaps the best-
studied clade, 21% of species are currently listed as threatened with extinction by
the International Union for Conservation of Nature, an alarming statistic that is
echoed across other clades for which we have equivalent information, including
birds, amphibians, and plants (http://www.iucnredlist.org/). It is clear that, at least
in the short term, the future of biodiversity will largely be shaped by our ability to
reduce the rate at which species are being lost.

It is now generally accepted that systematic conservation planning should focus
on areas rather than species (Margules and Pressey 2000). However, conservation
spending remains below that required to maintain even the currently inadequate
network of reserves and protected areas (James et al. 2001; Halpern et al. 2006).
Priority setting is, therefore, critical — identifying biodiversity hotspots allows us to
focus scarce conservation resources so as to maximise conservation returns (Myers
et al. 2000). Although hotspots most typically refer to centres of species richness
and endemism in the conservation literature, we here use the more inclusive
definition of biodiversity to also consider evolutionary history and functional
diversity. In this context, hotspots simply represent areas that capture a dispropor-
tionate amount of biodiversity for their area. Identifying hotspots for conservation
prioritisation requires placing a value on the units of conservation concern, typi-
cally species, summing values within competing areas, and assigning conservation
rankings accordingly.

Here, we briefly introduce some challenges in assigning conservation priorities,
focusing on hotspot approaches aimed at maximising protection of species richness.
We then discuss various alternative biodiversity metrics with particular emphasis
on measures that consider the evolutionary history of species. Last, we illustrate
how the choice of metric might influence the conservation decision making process,
and consider some additional criteria important in conservation triage, such as
costs.
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3.2 Conservation Prioritisation and Species Richness

Given a set of sites with varying but overlapping species composition and the goal
to maximise the number of protected species, identifying the site of greatest
conservation worth might seem trivial — simply sum the number of species in
each site and pick the one with the highest count. However, even this most simple
scenario makes two critical assumptions (1) we have complete information on
species distributions and (2) the population sizes and ecological health of a species
is equivalent in each of the sites in which it is found. If we now wish to select two or
more sites, additional factors must be considered, for example, whether costs are
equal between sites and whether a single site is sufficient for ensuring long-term
persistence of a species. Further, when selecting a subset of sites from many
possible sites, the order in which sites are selected matters. For example, sites
ranked two and three in order of total species richness might, in combination,
capture more species than simply picking the top two sites (Kirkpatrick 1983;
Margules et al. 1988) — the processes by which sites are selected to maximally
capture diversity (or minimise the sum of unrepresented diversity) has been termed
“complementarity” (Vane-Wright et al. 1991) and is an important component of
reserve selection (Pressey et al. 1993). An increasingly sophisticated set of
algorithms have been developed to facilitate reserve selection, considering costs
as well as benefits (e.g., Pressey et al. 1997; Margules and Pressey 2000; Sarkar
et al. 2006). Nonetheless, or perhaps because of this complexity, views on “effec-
tiveness” of prioritisation schemes may differ even when the same data are consid-
ered (e.g., Rodrigues 2007 and Grenyer et al. 2006, 2007).

Whilst biodiversity can be quantified in many ways, species richness remains the
most commonly used metric (see Gaston 2000; Bonn and Gaston 2005; Fleishman
et al. 2006). Species counts offer several pragmatic advantages as follows.

» Species richness can be easily compared between different sites and conserva-
tion schemes.

e There already exists detailed information on species richness within many
regions.

« Species represent identifiable entities that can be useful for garnering public
support and leveraging conservation funds.

» Species provide a focus for policy and legislation (e.g., [IUCN; Convention on
Biological Diversity, CITES, US Endangered Species Act).

Further, species provide a surrogate for unmeasured genetic and functional
diversity. For example, empirical data indicate that species-rich communities tend
to be more productive (Cardinale et al. 2006; Worm et al. 2006), although the
mechanisms remain debated and might differ with taxon and system (Cardinale
et al. 2006, 2007). Theory and experimental data also suggest community stability
increases with the number of species because of greater potential for redundancy
in links within the community food web (e.g., Naeem and Li 1997; Tilman et al.
1997; Allesina et al. 2009). However, richness counts also have shortcomings.
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Critically, hotspots of species richness for one taxon might correspond poorly with
hotspots in the richness of another. At biogeographical scales, species richness of
higher taxa frequently covaries closely, most evident in the latitudinal diversity
gradient (Hillebrand 2004) and can be explained by similar sets of climate and
environment variables (Currie et al. 2004). Unfortunately, congruence at finer
spatial scales, at which practical conservation acts, may be much lower (van
Jaarsveld et al. 1998; Grenyer et al. 2006).

In addition to problems associated with taxonomic congruence, deriving precise
estimates of species richness is not always straightforward. Richness counts may be
susceptible to sampling biases (Gotelli and Colwell 2001; Hurlbert and Jetz 2007),
and species boundaries may be difficult to determine among more closely related
lineages (May 1988). Taxonomic inflation — the trend for increasing species
diversity via changes to taxonomic nomenclature rather than biological data
(Isaac et al. 2004) — can impact conservation decision making and reduce the utility
of species lists in conservation planning (Hey et al. 2003; Mace 2004; Isaac et al.
2004; Meiri and Mace 2009). Recent advances in molecular sequencing technology
might provide one solution, particularly for less well-studied groups, including
microorganisms, where species concepts are vague and morphological data lacking
(Blaxter and Floyd 2003; Sinclair et al. 2005). In addition, molecular markers, for
example, as DNA-barcodes, may facilitate species identification by non-
taxonomists, and aid in the discovery of cryptic species (Savolainen et al. 2005;
Smith et al. 2008). Molecular data not only allows us to construct DNA taxonomies
sensu Tautz et al. (2003), but provides additional information on species evolution-
ary relationships, which might also be useful for informing conservation decision
making as we discuss below.

3.3 Alternative Biodiversity Metrics

3.3.1 Extinction Risk

Whilst retaining a focus on species-based metrics, we might additionally consider
species vulnerabilities, and up-weight species most at risk of imminent extinction.
The IUCN Red List of Threatened Species (http://www.iucnredlist.org/) was
designed for this purpose. For mammals, the Red List is nearly complete, with
species placed in one of the following extinction risk categories, in order of least to
most concern: least concern (LC), near-threatened (NT), vulnerable (VU),
endangered (EN), critically endangered (CR), extinct in the wild (EW), and extinct
(EX). Species allocated to one of the latter categories are most likely to be lost the
soonest, and it is possible, with care, to convert Red Listings into a quantitative
estimate of extinction risk (e.g., Isaac et al. 2007; Redding and Mooers 2006;
Mooers et al. 2008; Mace et al. 2008). The global distribution of threatened species
richness can be mapped, as for total species richness (e.g., Orme et al. 2005;
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Cardillo et al. 2006; Schipper et al. 2008). It is a cause for concern, that when
compared, hotspots of species richness are not necessarily congruent with hotspots
of threat (Orme et al. 2005).

A complementary approach might be to focus on species that are marching
towards extinction at the fastest pace. Time series allow identification of species
that are most rapidly traversing the Red List criteria (Butchart et al. 2004). Because
to reduce extinctions, the rate of decline must first be reduced, changes in species
Red Listings can be used to evaluate conservation successes as well as define
conservation goals, such as The 2010 Biodiversity Target, to achieve by 2010 a
significant reduction of the current rate of biodiversity loss, set by the Convention
on Biological Diversity (http://www.cbd.int/2010-target/) (Butchart et al. 2005;
Mace and Baillie 2007). An alternative approach might be to focus on species
with currently low risks, but which might be vulnerable in the future. Comparative
analyses using information on species phylogeny, biology and current threat can
identify species whose biology may predispose them to decline rapidly if threats
intensify (Cardillo et al. 2006; Purvis 2008). Small geographic range, low abun-
dance, and ecological specialism are often associated with high risk (Fisher and
Owens 2004). Across mammals, species most vulnerable to extinction are those that
wean at a late age, require large home ranges, live at low population densities and
have small geographical ranges that overlap with high human population densities
(Cardillo et al. 2008). By using the discrepancy between a species’ current extinc-
tion risk and that predicted from biologys, it is possible to identify regions with high
“latent risk” — where many species have biological traits that make them vulnerable
to drivers of extinction, such as habitat modification, but where impact is currently
low (Cardillo et al. 2006).

3.3.2 The Evolutionary Future

Although anthropogenic changes to the environment are most acutely manifest in
species’ extinctions, evolutionary futures might also be impacted (Barraclough
and Davies 2005). In the near-term, changes in population abundance, connectivity
and extent might influence adaptive responses (Mace and Purvis 2008). For exam-
ple, habitat fragmentation and transformation might reduce gene flow between
populations, whereas species introductions and translocations may break-up locally
adapted gene complexes. Conservation management and practice has long
been cognisant of such concerns, for example, connecting isolated reserves with
dispersal corridors (Soulé and Simberloff 1986), and giving protection to “distinct
population segments” (e.g., US Endangered Species Act). In the longer term, we
might also consider future speciation.

Myers and Knoll (2001) (see also Cowling and Pressey 2001) suggested that
conservation goals should be extended to consider the evolutionary future of
biodiversity. For example, we can identify clades that have recently diversified
and the regions in which they are found. These lineages or areas might represent
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evolutionary cradles, and therefore deserve higher weighting for conservation
prioritisation. However, past success may be a poor indicator of future performance
because of the contingent nature of the evolutionary process (de Queiroz 2002). The
propensity to diversify is a highly labile trait, and different lineages have radiated at
different times. The fossil record is replete with evidence of formerly diverse clades
that have since gone extinct or are represented by only a handful of extant species,
for example, within mammals multituberculates, plesiadapiforms and primitive
ungulates diversified at the K/T boundary and then declined or went extinct early
in the Cenozoic (Alroy 2000). Extant mammal species richness is largely a product
of relatively recent radiations within a subset of lineages (Bininda-Emonds et al.
2007). Lineages that have prospered over the past few millions of years are most
likely those that happened to possess the right set of traits for the environments in
which they are found given recent climates (Davies et al. 2004) and, as a corollary,
centres of diversification are, in part, a product of the traits that characterise the
lineages within them (Davies and Barraclough 2007).

Even if we were able to resolve the interaction between traits and environment
that explains past successes, it is difficult to project forward to identify the lineages
and regions which might be the cradles of future diversity because we do not have
information on future environments. Long-term climate forecasting models suggest
the emergence of novel climates with no current analogue, whilst many existing
climates will shrink in size (Williams et al. 2007). Predicting the evolutionary
future is, therefore, hampered by large uncertainty regarding the magnitude and
form of environmental change, and lineage-specific responses (Jablonski 2001).
In addition, anthropogenic environmental change and extinctions are occurring on
the order of 10-100s of years, but times to speciation are frequently estimated in
1,000—1,000,000s of years (Barraclough and Davies 2005). The timescale for
speciation is, therefore, too great for practical management. A precautionary
approach to safeguard the evolutionary future would be to maintain a set of species
that is overdispersed with respect to their ecological adaptations, maximising the
possibility of having the right set of features in an uncertain future (Barraclough and
Davies 2005; Davies et al. 2008). Quantifying variation simultaneously across
multiple traits and species would be an almost impossible task; fortunately, we
can use a simple proxy — phylogeny.

3.3.3 Evolutionary History

If we expand our focus to consider additional attributes of biodiversity, we might
value some species over others, for example, because they contribute greater trait or
ecological diversity, but this requires detailed species-specific knowledge of physi-
ology and ecology, data that is available for only a small subset of species. Because
species tend to diverge over time such that more distantly related species are less
similar to each other than more closely related species, the evolutionary distance
separating species can be used as a surrogate for the many unique evolutionary and
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ecological species attributes for which we lack direct measures (Faith 1992; Crozier
1997). Quantifying the evolutionary distinctiveness of a species requires only
information on its phylogenetic placement (and that of the other species within
the clade of interest — see Box 3.1 for phylogenetic terminology). Species with few
close relatives are typically given more weight, as they are assumed to possess more
unique features or ecologies that are shared among fewer species (Vane-Wright
et al. 1991). Critically, evolutionary relationships may additionally be important in
shaping the functional ecology of communities and the ecosystem services they
provide (Cadotte et al. 2008) because phylogeny reflects the integrated phenotypic
differences among taxa (Harvey and Pagel 1991; Faith 1992; Crozier 1997) and
may be a more encapsulating attribute than singular, discretely measured traits
(Vane-Wright et al. 1991).

The evolutionary distinctiveness of a species describes its “nestedness” within a
phylogenetic tree, and can, for example, be measured as the number of evolutionary
divergences (evolutionary splits or nodes) from the root to the respective tip in the
phylogenetic tree (see Box 3.1). More nested species (characterised by many splits

Box 3.1. Phylogenies: Representation and Terms

Tree: a figure depicting the phylogenetic relationships among taxa.

:",Ii'Edge (or branch): line orientated along the tip-to-root axis (see below)
connecting nodes in the tree. Edge lengths (i.e., time, genetic or trait differences)
represent the distance between nodes.

Root: basal edge, represents the common ancestor to all species in phylogeny.
Tip: an extant species subtended by a terminal edge.

Polytomy: unresolved sequence of speciation events, with three or more
lineages originating from the same node. A fully resolved tree is bifurcating.

Node: The point where a lineage splits.

PD: phylogenetic diversity — the summed distances of all edges in the phylogeny.

Taxon sampling: the number of included lineages relative to the total number of
extant taxa, and its impact on phylogenetic topology and PD.

from root to tip) have many close relatives and are less evolutionarily distinct. Vane-
Wright et al. (1991) provided the first quantitative valuation of taxonomic distinc-
tiveness (TD) for conservation — formulation here follows Redding et al. (2008):

1
ZVEq(T,i,r') degout(v) 7

TD (T, i) = 3.1)
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where, for a tree, T, the set g(7,i,r) includes the node splits between species i and the
root of the tree, r. The value of deg,(v) for any node is 2 in a perfectly resolved
bifurcating tree and >2 for a node containing a polytomy.

From (3.1), we show analytically that a species with few preceding splits is
taxonomically more distinct than one nested within a more diverse clade. However,
because, as originally formulated, TD does not include information on branch
lengths, it is highly sensitive to the resolution and the taxon sampling of the
phylogeny. The addition of branch length information makes distinctiveness
measures somewhat less sensitive to phylogenetic resolution and taxon sampling
because estimates of time to shared ancestors are not strongly influenced by the
exclusion of sister taxa, whereas the number of evolutionary splits is highly
dependent upon the number of included species (3.1). Two recent derivations
have expanded upon (3.1) to consider branch lengths in the calculation of distinc-
tiveness. The first, Equal Splits (ES) (Redding and Mooers 2006; Redding et al.
2008), divides an edge length by the number of branches originating from the node
directly below it (Fig. 3.1a). This formulation looks similar to TD but scales the
number of splits at a node, v, by the length of the branch, 4., preceding it:

ES (T,i) = Z Je H ) (3.2)

ecq(T,i,r) vea(T,ie) degom (V)

The second, fair proportion or Evolutionary Distinctiveness (ED) (Isaac et al.
2007), is conceptually similar to ES but instead partitions edge lengths by the total

a b c
ES ED n_BED
hs }\_17»1 +%+% Ag a A4 +%+% A & n %+%§+%§
i Lk3+% - LM +% _Z;:-ne,k—s Ny i_zq.i;_z
a Ay —MM k—4n4 i;_i

Fig. 3.1 Three methods of partitioning phylogenetic diversity (adapted from Cadotte and Davies
2010). (a) Equal Splits (Redding et al. 2008), ES, hierarchically partitions branch lengths by the
number of descendent edges (line partitions on internal edges). (b) Evolutionary Distinctiveness
(Isaac et al. 2007), ED, partitions branches by the total number of species descending from them.
(c) Biogeographically weighted Evolutionary Distinctiveness (Cadotte and Davies 2010), BED,
extends ED by partitioning PD by the numbers of populations or sites (7) associated with species
descending from a node
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number of species subtending it, not just the branches directly below it (see
Fig. 3.1b) and is calculated as:

ED(T,i) = Z ()Le si> , (3.3)

e€q(T,ir) ¢

where e is a branch of length A in the set (T ,i,r) connecting species i to the root, r,
and S, is the number of species that descend from edge e. A nice feature of ES and
ED is that they both independently sum to Faith’s (1992) index of phylogenetic
diversity (PD) — the sum of the phylogenetic branch lengths connecting species in a
set (see Box 3.1).

3.3.4 Composite Metrics

Above, we have considered threat and evolutionary history separately, however,
evolutionary history (PD) can be integrated with extinction probabilities for con-
servation prioritisation (e.g., Witting and Loeschcke 1995; Faith and Walker 1996;
Weitzman 1998). More recently, both Redding and Mooers (2006) and Isaac et al.
(2007) used extinction probabilities to weight the evolutionary distinctiveness
measures ES and ED, respectively. For ES, Redding and Mooers (2006) quantify
the Expected Loss (EL) of evolutionary history, as:

EL; = ES; x Pe;, (3.4)

where the ES of species 7 is multiplied by its probability of extinction, Pe.

Similarly, the weighted ED metric, which Isaac et al. (2007) refer to as EDGE
(Evolutionarily Distinct and Globally Endangered), includes extinction risk, so
that:

where GE values are taken from the IUCN Red List categories (http://www.
iucnredlist.org). Thus, EDGE values are interpreted as the log-transformed
expected loss of evolutionary diversity, where each increment in Red List ranking
corresponds to a doubling of extinction probability (Isaac et al. 2007). Equations
(3.4) and (3.5) are formulated identically, save a log-transformation, what differs is
how they estimate extinction probability as well as the subtle difference in calcu-
lating evolutionary distinctiveness [equations (3.2) and (3.3)].
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3.3.5 A Diversity of Metrics

To compare the relative performance of different biodiversity metrics, Davies and
colleagues used the distribution of mammal species within ecoregions and a greedy
complementarity algorithm, to maximise the capture of seven alternative biodiver-
sity currencies (see Davies et al. 2008 for derivations):

» Species richness

» Expected extinctions

 EDGE

« EL

» Expected speciations (from recent diversifications)
« PD

» Latent risk

Reassuringly, there is broad agreement among most metrics (Fig. 3.2), likely
because species-rich areas sum to higher values and, hence, rank highly across most
currencies. Further, simulation studies suggest that some metrics might only
diverge under a very narrow set of circumstances, for example, species richness
and PD; (Rodrigues et al. 2005), although these conditions might be common

Fig. 3.2 Ecoregion complementarity rank under six different conservation currencies: (a) species
richness, (b) EDGE, (c) EL, (d) species extinctions predicted in the next 100 years, (e) expected
speciations, and (d) latent risk (the discrepancy between a species’ current extinction risk and that
predicted on the basis of its biological traits). The equivalent map for phylogenetic diversity (PD)
is not shown, but matches closely that for species richness (Davies et al. 2008). Colours represent
ecosystem ranking with red high rank and blue low rank
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(Mace and Purvis 2008). Latent risk, which weights more highly species that are
currently less threatened, most obviously departs from the general trend, unsurpris-
ingly demonstrating the greatest disparity with expected extinctions — estimated
from current threat. Choice of metric can, therefore, significantly alter prioritisation
schemes and, even for metrics that appear largely congruent, there might be
disagreement in the order in which regions are selected because the additional
gains provided by the inclusion of each region into the priority set may vary
considerably with conservation currency (e.g., Forest et al. 2007). Our comparison
uses ecoregions as spatial units, which are at a larger scale than most conservation
action plans. At finer spatial scales, it is likely that congruence amongst alternative
conservation currencies will decrease (Grenyer et al. 2006), yet it remains unclear
how this might influence complementarity rankings.

Improved algorithms and advances in computational processing speeds have
allowed us to solve complex complementarity problems, considering multiple
variables including costs (Margules and Pressey 2000; Sarkar et al. 2006).
Increased availability of detailed data on species ecologies and geographies will
continue to improve the accuracy with which rankings can be made. However,
rankings will remain sensitive to the weightings we apply to alternative conserva-
tion currencies. At the extreme, we might assign weights equally across all species,
by doing so we will of course capture alternative currencies as well, but sub-
optimally. Alternatively, we can weight species differentially, for example, using
taxonomic distinctiveness or threat status, and include additional data on non-
biological attributes, such as costs. Despite the rigour with which we can now
address complementarity problems, solutions will, in part, reflect the subjective
values we place upon the various aspects of biodiversity. In addition, because some
currencies weight similar data very differently (e.g., current threat versus latent
risk), global solutions that maximise all currencies are unlikely. Integrative metrics
that simultaneously capture multiple attributes, for example, EDGE and EL, pro-
vide one way forward.

3.3.6 Integrating Space and Time

Global extinction risk and endemism provide useful indices of species’ global
vulnerabilities. However, within a defined geographical context, for example,
political regions or a network of protected areas, a species’ vulnerability is a
product of its representation at these scales. Species with few populations or that
occur only within a small subset of protected areas might warrant special attention.
In addition, the evolutionary history encapsulated by a set of species will be
differentially represented among sites (Rosauer et al. 2009; Cadotte and Davies
2010). Here we detail one approach developed by Cadotte and Davies (2010) that
allows quantification of evolutionary distinctiveness within a species, multi-species
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sites or across larger multi-site regions. Cadotte and Davies refer to this metric as
biogeographically weighted evolutionary distinctiveness (BED) and derive it as:

BED(T, i) = Z &, (3.6)

ecq(T,i,r) Ne

where 7, is the total number of populations or occupied sites that descend from
branch e, with branch of length 4, in the set ¢(T,i,r) which includes the branches
connecting species i to the root, r, of tree T (see “BED” Fig. 3.1c).

Cadotte and Davies introduce BED as an extension of a more general set of
indices that add abundance information to measures of phylogenetic diversity
(Cadotte et al. 2010). The sum of the species’ BED values is again equal to total
PD, meaning that the proportion of the total PD contained within single populations
or sites can be calculated. Further, for species i, BED, values can be used to evaluate
species relative importance values, I'V; within and across sites:

BED;

= 3.7
5> BED; o

Vi

1V; values can be summed across species occurring at a single sampling site,
reserve, or at larger spatial scales. High IV species have populations which are
evolutionarily distinct relative to those for populations of other species. This metric
assumes that the evolutionary divergences among populations within species have a
length of zero, but this assumption can be modified (see Appendix 2 in Cadotte et al.
2010).

The total evolutionary distinctiveness represented by a single site ¢ [as opposed
to a single species — see (3.3)] with co-occurring species is:

S
ED, = Z BED;. (3.8)
i=1

Cadotte and Davies (2010) also provide a metric to calculate the conservation
value, CV, of region L by summing the ED, values across sites, standardised by the
total number of sites sampled, N:

] N
( ) —> (ZED,)
cv, =33 D Lo oy, =L L (3.9)

N N

t=1 i=1

This set of metrics allows researchers to consider the conservation values of
species (IV), sites with multiple species (ED,) and regions encompassing multiple
sites (CVy).
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3.3.7 Non-Biological Metrics and Biodiversity Coldspots

Hotspots approaches, by definition, focus upon the goal of maximising the conser-
vation of biodiversity, and we have considered here only currencies that attempt to
capture directly biological or ecological variation. However, there are many addi-
tional conservation metrics that include subjective assessments based upon cha-
risma or aesthetic and cultural values of species, etc. (Ehrlich and Ehrlich 1981). In
addition, low-diversity ecosystems might still provide critical ecosystem services
locally, such as clean water and fertile soils, as well as globally, such as climate
regulation and clean air. Furthermore, the link between biodiversity and ecosystem
services is non-linear (Kareiva and Marvier 2003); hence, impacts from the loss of
diversity in species-rich systems might be relatively small, whereas gains from
addition of diversity in species-poor systems might be large. Economic value can be
placed upon these services (e.g., Balmford et al. 2002), and this can be incorporated
into reserve selection algorithms, although true benefits might prove difficult to
estimate (Turner et al. 2003), at least until after we lose the service provided.

Last, in this chapter, our focus has been on conservation benefits rather than
costs. It is an unfortunate reality that conservation must be practised within a
cost—benefit framework. Costs vary spatially by several orders of magnitude
(James et al. 2001; Balmford et al. 2003), perhaps by more than the benefits of
conservation do. Because threatened species tend to be concentrated in regions with
high threat of habitat change and high human population density (Cardillo et al.
2004; Mace et al. 2005), returns per conservation dollar might be greatest from
investing in intact but susceptible places, where conflicts are not yet entrenched
(Balmford et al. 2003; Mittermeier et al. 2003; Cardillo et al. 2006). An optimal
conservation network might then include both hotspots of endemism and rarity, as
well as larger coldspots of inexpensive but low-diversity wilderness.

3.4 Conclusion and Future Challenges

Hotspots cannot provide a “silver-bullet” solution to the current biodiversity crisis
because there is no single metric that can capture all aspects of diversity that we
might value. However, it is urgent that we develop a common blueprint do address
the global biodiversity crisis and stop duplicating efforts (Mace et al. 2000).
Although conservation works at the margins and, as a consequence, prioritisation
schemes can be sensitive to small differences, we might take some comfort from the
knowledge that alternative schemes are themselves largely complementary. Many
schemes identify the same or similar areas as conservation priorities (Brooks et al.
2006) — an obvious start would be to focus resources on these zones of overlap.
However, cost effective conservation might also consider investing in currently
healthy ecosystems that may become vulnerable in the future (Davies et al. 2008;
Cardillo et al. 2006). If, as rational decision makers, we wish to maximise our
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conservation return on investment (Murdoch et al. 2007), low diversity “wilder-
ness” might then prove sensible conservation investments (Mittermeier et al. 2003).
We must also accept that some areas and some species represent bad investments.
Efforts to prevent any further species extinctions (e.g., Alliance for Zero Extinction;
http://www.zeroextinction.org/), although aspirational, are unfortunately fated to
fail (Marris 2007; Mace and Baillie 2007). With a rapidly changing climate and
growing human population, Vane-Wright’s agony of choice has never been more
acute.
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by 187 million, to a total of almost 1.5 billion people. Human density in the hotspots
in 2010 is estimated at 99 people per square kilometer, up 15% from 2000. While
the TWAs are less densely populated than the hotspots, averaging 13 people per
square kilometer in 2010, the human populations there are growing much faster: the
annual growth rate averaged 3% per year — more than twice the rate for the hotspots.
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average, the growth rates in both the hotspots and TWAs have declined over the last
decade. The aggregate numbers are somewhat misleading, however, because the
demographic patterns are heterogeneous from one region to another. This analysis
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4.1 Introduction

In 2000, Myers and colleagues (2000) formally introduced the 25 biodiversity
hotpots as the priority places across the globe where the highest levels of species
richness, endemism and threat converged.' The authors proposed that the combina-
tion of diversity and threats merited a focused global conservation strategy to
achieve the biggest gains given limited resources. In the 10 years since, the article
has been cited more than 2,700 times in the scientific literature (ISI 2/24/10) with
506 citations in 2009 alone. Although it has its share of critics, and the number and
extent of the hotspots themselves have been modified (see Williams et al. 2011), the
concept has made an indelible mark on the way we think about, and set priorities
for, biodiversity conservation.

At about the same time, Cincotta et al. (2000) presented a related analysis of
human population in the hotspots, filling in an important part of the story about why
the hotspots are threatened. The authors calculated that as of 1995, the 25 hotspots,
while making up 13% of the Earth’s inhabitable surface, were home to 1.1 billion
people, or 19% of its human population. Equally important were the statistics on
growth: the authors estimated that the global human population growth rate from
1995 to 2000 was 1.3%, while the rate in the hotspots for the same period was 1.8%,
or 38% higher. Thus, not only were the hotspots home to almost one fifth of the
world’s population, but they were also becoming more crowded and growing more
rapidly than the rest of the world. Because the threats to biodiversity in the hotspots
are primarily human-related, this analysis suggested that biodiversity would be
increasingly threatened by local population growth.

In the past decade, population in the hotspots continued to grow faster than the
global average — there are now almost 1.5 billion people, or 21% of the human
population, living in these priority conservation areas. This chapter assesses how
human demography in the hotspots has changed from 2000 to 2010. It comes on the
eve of the world’s population hitting seven billion people, just as the previous
analysis appeared shortly after the six billion mark.

This update takes a revised look at the population numbers and trends specifi-
cally in the hotspots and tropical wilderness areas (TWAs), examining the growth
rates and details that will determine what happens in the next 10 years and beyond.
It also highlights the aspects of the demographics that require the most urgent
attention, both in terms of conservation and human well-being. The analysis reveals
that while many of the changes in the last decade reflect what was anticipated, there
are also some alarming changes, as well as some reasons for renewed optimism.

1Myers first introduced the hotspot concept in an earlier paper highlighting ten priority areas
(Myers 1988).
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4.2 Methods

For consistency and comparability, the primary analysis conducted here used the
same 25 hotspots and TWA delineations used by Cincotta et al. (2000). All spatial
analyses were conducted in ArcGIS (ESRI2005). Additional analyses were conducted
on a revised set of hotspot delineations (Mittermeier et al. 2005) available online
(http://www.conservation.org/explore/priority_areas/hotspots). Because most of
the revised hotspots represent refinements of the initial priority areas, this report
focuses on the original designations. Attention is given, however, to demographic
trends occurring in the areas that represent entirely new priority areas or major changes
in the original designations.

The primary source of population data used is the raster dataset from the Gridded
Population of the World, version 3 (CIESIN 2005). Estimates for 2010 and 2015
represent projections made by CIESIN based on recent trends. Calculations for the
individual hotspots were made by overlaying the hotspot boundary on the popula-
tion raster and calculating the sum of the grid cells contained therein for population,
and the mean value of the grid cells for density using the zonal statistics function in
the spatial analyst toolkit. Population and density estimates for the hotspots and
TWAs are also given for 2008, which were calculated in the same manner using a
separate independent dataset (ORNL 2009). The 2008 estimates are shown to
provide support for the CIESIN data and to highlight the level of uncertainty
surrounding some of the numbers. Additional estimates for population totals and
growth by country and region come from the 2008 update of the United Nations
Population Division and the International Database of the United States Census
Bureau.

4.3 Aggregate Numbers: Then and Now

At the time of the Cincotta et al. (2000) analysis, the population numbers for the
2000 round of national censuses were still coming in. With the benefit of hindsight,
this analysis of the 2000 data reveals that the rate of growth in the hotspots was not
as high as the authors estimated. This analysis found growth in the hotspots during
the period 1995-2000 to be 1.6% instead of 1.8%. The revised number is still
significantly higher than the world as a whole, whose growth during that period has
been revised upward to 1.4% (UN 2008b). Population in the TWAs also appears to
have grown more slowly than the authors estimated — 2.8% instead of the 3.1%
estimated for the same period.

Despite these revisions, the numbers still indicate that the absolute number of
people living in the hotspots and TWAs increased at a rate faster than the global
average. Put in terms of population size, from 1995 to 2000 cumulative growth in
the hotspots and TWAs was approximately 107 million people — a large number
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considering that the livelihood and resource demands for most of those people
likely came from within the respective hotspots or TWAs.

In the decade since 2000, there is reason for both optimism and concern with
respect to human population trends in the hotspots and TWAs. In all except the
California Floristic Province, the Polynesia-Micronesia hotspot and the Congo
TWA, the rate of population growth has decreased. In aggregate terms, total
population growth in the hotspots slowed from 1.6% during the 1995-2000 period
to a projected 1.3% during the 2005-2010 period. By comparison, world annual
population growth rate slowed from 1.4 to 1.2%. Projections to 2015 suggest that
these slowing trends are expected to continue.

While the decreasing rates offer hope for demographic transition, the absolute
population numbers are still cause for concern (Table 4.1). Only one hotspot, the
Succulent Karoo of South Africa and southwestern Namibia, has experienced a net
decrease in the human population in the past decade — a reduction that is probably
due more to economic decline and the resulting rural-to-urban migration than
reduction in fertility rates (Nel and Hill 2008, Reyers et al. 2009). From 2000 to
2010, the population of every other hotspot increased by an average of more than
7%, for a total population increase across the hotspots of 187 million people.

Although related to total population numbers, population density gives impor-
tant additional information about how people are distributed across the landscape
and where the human activities that have the most impact on biodiversity — such as
land conversion, deforestation, harvesting and exploitation of threatened species —
may be most intense. Figure 4.1a shows a map of human density for the hotpots and
TWAs, while Fig. 4.1b shows how density has changed across the globe in the last
10 years. It is clear from these two maps that compared to the rest of the world,
population densities within the hotspots and TWAs are both high and getting
higher.

Human population dynamics in the TWAs tell a mixed story (Fig. 4.2). In
absolute terms, the TWAs have fared better than the hotspots because they had
lower densities of people to start with — about nine people per square kilometer in
2000 compared to 87 people per square kilometer in the hotspots at the time. In
2010, that number is projected to be almost 13 people per square kilometer.
Cumulatively, population in the TWAs increased by 30 million people, or 34%,
from 2000 to 2010. The annual population growth rate of 3% during that time is
equivalent to a doubling time of roughly 23 years. That represents an increase over
the previous decade, although the average growth rate for the TWAs would have
declined if not for the influence of the Congo.

The comparatively high growth rates in the large and sparsely populated TW As
are not entirely unexpected. Rural populations generally have higher fertility rates
than their urban counterparts, as well as decreased access to markets, education,
health services, family planning and other government resources and infrastructure
(de Sherbinin et al. 2008). The more remote an area and the fewer people that live
there, the harder and more expensive it is for governments and other organizations
to extend such services to those people. Partly because of this remoteness and partly
out of habit or custom, people living in these areas depend heavily on natural
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Table 4.1 Population growth and density in the biodiversity hotspots and tropical wilderness
areas (TWAs) from 2000 to 2010. Numbers from 2008 in bold represent > 10% disparity from

2010 estimate

. . Growth Density
Population (in thousands) g Yr km—

Hotspots/Tropical wilderness areas 2000* 2008" 2010* 2000-2010 2010*
Succulent Karoo 289 313 269 -0.7 1.4
Caucasus 16,694 15,699 16,859 0.1 94.1
Cape Floristic Province 4,021 4,830 4221 0.5 54.3
New Zealand 3,223 3,710 3416 0.6 14.8
Mountains of Southwest China 12,055 13,062 12,895 0.7 28.5
Western Ghats & Sri Lanka 46,504 45,964 50,173 0.8 371.2
Mediterranean Basin 187,442 211,635 206,655 1.0 141.0
Caribbean Islands 43,265 46,565 47942 1.0 173.7
Chilean Forests 13,319 15,532 14,928 1.1 45.8
Southwest Australia 1,545 1,754 1,735 1.2 18.4
Sundaland 212,398 238,244 238,677 1.2 167.6
Atlantic Forests 81,511 95,909 91,708 1.2 115.2
Wallacea 25,937 29,289 29,321 1.2 95.0
Polynesia—Micronesia 3,155 3,529 3,630 14 94.0
Indo-Burma 241,139 261,604 277,813 14 123.6
Tropical Andes 70,954 75,228 82,324 1.5 57.9
Brazilian Cerrado 12,012 13,515 14,013 1.6 6.5
Choco-Darien-Western Ecuador 6,062 5,570 7,158 1.7 56.2
California Floristic Province 33,125 35,666 39,151 1.7 164.1
Philippines 74,696 94,854 88,568 1.7 317.8
Mesoamerica 66,415 74,906 78,842 1.7 72.6
New Caledonia 193 203 232 1.9 17.9
Eastern Arc Mountains 9,876 12,005 12,233 2.2 81.4
Guinean Forests of West Africa 81,365 102,644 105,474 2.6 165.6
Madagascar and Indian Ocean Islands 18,614 22,887 24,226 2.7 43.0
Hotspot TotallAverage 1,265,809 1,425,116 1452464 14 99.5
TWA-Amazonia and Guiana Shield 18,330 21,092 23,175 2.4 4.1
TWA-New Guinea and Melanesian

Islands 7,899 9,463 10,032 2.4 11.8
TWA-Congo Basin 62,661 82,640 85,693 3.2 30.1
TWA TotallAverage 88,891 113,195 118,900 3.0 12.6
World — medium variant® 6,115,367 6,750,062 6,908,688 1.2 51

Estimates calculated using priority area polygons from Cincotta et al. (2000) and the Gridded
Population of the World, v. 3 for 2000 and 2010 (CIESIN 2005), and from Landscan for 2008
(ORNL 2008). Numbers from 2010 are projected

ACIESIN (2005)
°ORNL (2009)
°UN (2008b)

resource extraction to meet their daily needs (Barbier 1997; Bahuguna 2000), even
if those resources are inside a protected area (Fiallo and Jacobson 1995; Jha and
Bawa 2006). This combination of limited economic alternatives, population growth
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Fig. 4.1 Population density (a) and density change (b) in the biodiversity hotspots and major
tropical wilderness areas from 2000 to 2010. Priority area polygons based on Cincotta et al. (2000)
and Mittermeier et al. (2005). Density based on people per square kilometer for smallest available
administrative unit as mapped by the Gridded Population of the World, v.3 (CIESIN 2005). The
original 25 hotspots are: (1) Tropical Andes; (2) Mesoamerica; (3) Caribbean Islands; (4) Atlantic
Forests; (5) Choco-Darien-Western Ecuador; (6) Brazilian Cerrado; (7) Chilean Forests; (8)
California Floristic Province; (9) Madagascar and Indian Ocean Islands; (10) Eastern Arc
Mountains; (11) Guinean Forests of West Africa; (12) Cape Floristic Province; (13) Succulent
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and isolation suggests that stabilizing the human footprint in these areas may be a
slower process than in other more densely populated but less remote hotspots.

4.4 Regional Trends

4.4.1 Indo-Pacific

One of the prominent characteristics of the hotspots is the importance of island
assemblages and archipelagos. Eight of the 25 hotspots fall into this category. That
the island hotspots harbor unusually rich levels of species diversity and endemism
is not surprising. More than 150 years ago, when Charles Darwin and Alfred
Russell Wallace were developing their theories of evolution, they recognized the
uniqueness of island biotas and how isolation related to speciation. As more recent
research indicates (Paulay 1994; Fordham and Brook 2010), many of the same
characteristics that make islands crucibles of speciation — including open niche
space, ecologically naive species, isolation and restricted geographic ranges — also
make them unusually vulnerable to extinctions.

Many of the threats facing island biota come directly from human pressures
(though see Denslow (2003) for a discussion of the role of introduced species).
Nowhere do biodiversity and high human population densities come face-to-face
more acutely than in the Indo-Pacific biogeographic region, which contains multi-
ple island hotspots and the New Guinea and Melanesia TWA. The region extends
from the western islands of the Indian Ocean to the eastern edge of Oceania
(Spalding et al. 2007). Population density and high growth rates are well above
global averages throughout this region. The Western Ghats and Sri Lanka hotspot
has the highest population density of any hotspot, and not surprisingly has high
related rates of deforestation and degradation induced by such pressure (Shi et al.
2005; Joseph et al. 2009). The Philippines hotspot has increased by almost 14
million people in the last decade, and ranks second in terms of population density.
These factors, combined with moderate levels of poverty (2009 per capita GDP of
$3300, 33% below poverty line, (World Bank 2009)), make the Philippines among
the most at-risk hotspots. With both demographic and economic pressures driving
the extensive conversion of forests and overexploitation of coastal resources (Shi
et al. 2005; Fisher and Christopher 2007), the Philippines has suffered such

<
«<

Fig. 4.1 (continued) Karoo; (14) Mediterranean Basin; (15) Caucasus; (16) Sundaland; (17)
Wallacea; (18) Philippines; (19) Indo-Burma; (20) Mountains of Southwest China; (21) Western
Ghats and Sri Lanka; (22) Southwest Australia; (23) New Caledonia; (24) New Zealand; (25)
Polynesia-Micronesia. A subset of the hotspots added in the 2005 revision include: (N1) Horn of
Africa; (N2) Coastal Forests of Eastern Africa; (N3) Maputaland-Pondoland-Albany; (N4) Japan;
(N5) Mountains of Central Asia; and (N6) Irano-Anatolian. The tropical wilderness areas are: (A)
Amazon and Guiana Shield; (B) Congo Basin; and (C) New Guinea and Melanesian Islands
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Fig. 4.2 Population Growth in the Tropical Wilderness Areas (TWA’s) from 1995 to 2015. The
upper figure shows the population growth in the three major TWA’s in absolute terms, while the
bottom figure shows the average annual growth rate (by area) in the TWA'’s relative to the average
for the least developed countries (LDC’s — 49 countries: 33 in Africa; 10 in Asia; 5 in Oceania;
plus one in Latin America and the Caribbean), the 25 original hotspots and the world. Numbers for
2010 and 2015 are projected. *Numbers for LDC’s and world are from the United Nations
Population Division 2008 Update, medium variant

widespread degradation of terrestrial and marine resources that a debate has ensued
about whether its diversity is beyond salvage (Terborgh 1999; Posa et al. 2008).
Elsewhere in the Indo-Pacific, population growth is associated with habitat
degradation and increased exploitation of both the terrestrial and marine biodiver-
sity (Roberts et al. 2002; Sodhi and Brook 2006). The Wallacea and Sundaland
hotspots, which fall mostly within the national boundaries of Indonesia, have two
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and three times the average global population density, respectively. Such densities
are not anomalous for Indonesia, however, which is the fourth most populous
country in the world, and has a median age of 27.6 years and TFR (Total Fertility
Rate) equal to 2.6 children per woman. By comparison, the United States has a
median age of 36.7 years and a TFR of 2.1 (UN 2008a).

These statistics suggest that population momentum will continue to add to
Indonesia’s population even as fertility rates drop (see Box 4.1). Furthermore,
almost 50% of the Indonesian population lives in rural areas (UN 2007) — a feature
of the country’s demography that does not bode well for conservation. Fortunately,
socio-economic indicators for Indonesia (2009 per capita GDP of $4000, 18%
below the poverty line, human development index (HDI) of 0.734 (UNDP 2009,
World Bank 2009)) suggest that the country is considerably better off than much of
the developing world and may avoid some of the biodiversity loss associated with
extreme indicators of poverty (Fisher and Christopher 2007).

By contrast, Madagascar and the Indian Ocean islands is one of the poorest and
fastest growing of the hotspots. With 50% of Madagascar’s population below the
poverty line and an HDI of 0.543, the country has grown by five million people,
or 32%, since 2000. It also has a high TFR of 4.8 children per woman (UN 2008a), a
low rate of urbanization of 29% (UN 2007), and a young population with a median age
of 18 years — all of which are linked to the high rates of deforestation on the island
(Brooks et al. 2009a, Whitehurst et al. 2009). The relatively low population density of
the hotspot is the one demographic measure that offers some hope that there is time to
enact changes. That change needs to occur soon, however, because if the population
profile present in 2010 continues — i.e., young, poor and largely rural — forest
conversion will continue and irreversible loss of biodiversity is likely to occur.

Demographically, the Indo-Burma hotspot can be characterized by high popula-
tion densities. Culturally and economically, it is a heterogeneous region. The
economic growth and urbanization that are rapidly changing the socio-economic
profiles of countries like Malaysia and Thailand, for example, are largely absent in
countries like Burma and Laos. High population density combined with high
growth rates affect biodiversity in different ways throughout this hotspot, but an
unfortunate and unifying result is some of the highest rates of forest loss anywhere
in the tropics. This region is also at risk of high numbers of species extinctions — a
situation that is exacerbated by a thriving illegal species trade and widespread
government corruption (Sodhi et al. 2010).

4.4.2 Africa

Just as Africa is ecologically and culturally diverse, the ways in which population
trends relate to biodiversity on this continent are also complex. A striking example
is in the southern tip of Africa, where two unique hotspots border one another. The
Succulent Karoo has the lowest population density of any hotspot (1.4 people per
square kilometer), and is the only one with negative population growth (according



J.N. Williams

Box 4.1. Total Fertility Rate and Population Momentum

The total fertility rate (TFR) is the average number of children a woman
would bear over the course of her lifetime if current age-specific fertility rates
remained constant throughout her childbearing years (ages 15—49). The
current TFR is usually taken as an indication of the number of children
women are having at the present, and is calculated from the fertility data of
all age cohorts in the population (UN Population Division definition). As
TFRs drop due to changes in attitudes about the desired number of children to
have, or to increased access to reproductive health and family planning
services, the rate of growth will begin to slow. However, population growth
itself will not slow until women entering their reproductive years collectively
have fewer children than older cohorts of women had (or unless mortality
rates increase).

This concept is illustrated well by the case of the megadiversity country of
Brazil, which contains much of the Atlantic Forest hotspot and the Amazon
tropical wilderness area. From 1965 to 1970, the TFR for Brazil was 5.4
children per woman. That number has dropped steadily since, to the point
where, from 2005 to 2010, it was at 1.9, or below replacement (UN 2008a).
Yet Brazil’s population continues to grow, and will until the broad base on
the population pyramid to the left, below, makes its way through the repro-
ductive years. Much of this transition has already occurred, as seen in the
figure on the right, but the cohorts will continue to even out into upper age
classes and, if TFR remains below replacement, the lower age classes will
become smaller than those above them. This kind of transition in age struc-
ture is typical of countries moving from a state of lesser economic develop-
ment to one of greater economic development. It is also associated with
greater economic and political stability as well as improved human and
environmental health (Leahy et al. 2007). Many of the important hotspot
countries in Latin America and Southeast Asia have experienced population
changes similar to Brazil, while many in Sub-Saharan Africa have profiles
that are closer to that of Brazil in 1970.

Brazil 1970 Brazil 2010
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Population pyramid data source: US Census Bureau, Population Division,
International Data Base, 2010.
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to the CIESIN data; the ORNL data show a slight increase since 2000). Adjacent to
it, the Cape Floristic Province has roughly 40 times that population density.
Although the annual population growth rate in the Cape hotspot is positive, it is
relatively low (0.49%), making the overall population size fairly stable. While both
areas are of critical conservation concern, agriculture, urban expansion and invasive
species — more than human population growth — make up the major threats facing
biodiversity in these hotspots (Mittermeier et al. 2005; Shi et al. 2005).

By contrast, the other hotspots in Sub-Saharan Africa are all experiencing rapid
population growth. The Guinean Forests hotspot, with a growth rate twice the
global average, has grown by more than 24 million people in the last decade.
This is also one of several African hotspots where biodiversity is threatened by
civil unrest. Especially in West Africa, armed conflict is frequently coincidental
with population pressure in areas of high biodiversity, including parts of Nigeria
(the most populous country in Africa), Sierra Leone, Liberia and Ivory Coast
(McNeely 2003; Hanson et al. 2009).

The Eastern Arc Mountains hotspot, with a density of 80 people per square
kilometer, has grown by 24% since 2000. The revised and expanded version of this
hotspot, now called the Eastern Afromontane hotspot, has considerably higher popu-
lation density (over 120 people per square kilometer) due to the inclusion of parts of
the Albertine Rift Mountains to the north and the Rift Valley to the south. It also has an
extensive history of political conflict threatening many imperiled species. Although
not steeped in conflict, the more recently designated Coastal Forests of Eastern Africa
and the Maputaland-Pondoland-Albany hotspots have similar population densities.
Both hotspots face high rates of deforestation and habitat degradation that contribute
to their critical conservation status (Burgess et al. 2006).

The high human densities and poverty endemic to central and eastern Africa
mean that many conservation areas are experiencing the types of resource use and
exploitation associated with rural areas, but on a scale commensurate with urban
densities. Especially in areas of civil unrest, the line is blurring between rural areas
and small urban centers, where both are driving demand for the exploitation of
biodiversity (East et al. 2005; Mwampamba 2007). For example, in the markets of
Goma, Democratic Republic of Congo (DRC), a city of more than 600,000 people,
there are informal but well-established bushmeat and charcoal trades supplied by
illegal extraction from neighboring Virunga National Park (R. Williams, Virunga
Fund, personal communication).

There is a positive correlation between human population density and species
diversity in sub-Saharan Africa that is both historically interesting and alarming.
The coincidence of dense human settlements together with high concentrations of
vertebrate species in the African Rift Valley, for example, suggests similarities in
the conditions that were attractive for people and animals — namely a benign
climate with an ample food supply (Fjeldsa and Burgess 2008). The numbers and
resource demands of the human population in 2010, however, put pressures on the
biodiversity that are without historical precedent. In particular, these areas are
characterized by a young demographic with high fertility rates living in conditions
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of poverty and political instability — conditions that promote exploitation and over-
harvesting of wildlife and forests (Burgess et al. 2007; Cordeiro et al. 2007).

Perhaps more than any other priority area, the Congo Basin TWA illustrates how
the nexus of population growth, poverty and civil unrest negatively impacts biodi-
versity (de Merode et al. 2004, 2007). Although the Congo TWA had a population
density of only 30 people per square kilometer in 2010, that figure is deceptive
because it is aggregated across a huge area, hiding the contribution of certain high
density areas. As an illustration of this point, the provinces of eastern DRC have
densities twice the TWA average (based on unofficial estimates for individual
provinces found at http://en.wikipedia.org/wiki/Democratic_Republic_of_the_Congo).
A critical anchor for African biodiversity, the DRC is a megadiversity country
(Mittermeier et al. 1997) that has been in nearly constant civil conflict at least since
1997, when its authoritarian leader, Mobuto Sese Seko, was ousted. While the TFR
fell by 14% in the last decade to 6.1 children per woman (a faster decline than
Africa as a whole, which decreased 12% in the same period to 4.6 children per
woman), it still remains exceptionally high. The high TFR, in combination with a
median age of only 16 years, 67% of the population living in rural areas, and weak-
to-non-existent government infrastructure in much of the central and eastern parts
of the country, means that the DRC will be slow to reduce its population growth
(UN 2007, 2008a). In addition to the demographic situation, the DRC is ranked last
by the World Bank in terms of per capita GDP (less than $1 per day) and 176th out
of 182 countries with data for the HDI. This level of extreme poverty is likely to
continue to drive a desperate population to depend heavily on natural resources,
including bushmeat, for both personal consumption and added income (de Merode
and Cowlishaw 2006).

4.4.3 Latin America and the Caribbean

Of the three main continental regions examined here, Latin America and the
Caribbean (LAC) has the lowest average human population density and rate of
population growth within the conservation priority areas considered. Much of the
LAC went through a demographic transition from the mid-1960s to the mid-1990s
that brought average TFR down by 50% to a regional average of three children per
woman (UN 2008a). The age structure of the region also transitioned to an older
population during that period. Although historical data are incomplete for most
countries, a look at Brazil, the most populous country in the region, is illustrative of
the general pattern. In 1970, the median age in Brazil was 18, and 43% of the
population was age 14 or younger. These numbers contrast with 2010, where the
median age is 29 and only 26% are age 14 or younger (see Box 4.1).

Other factors that affect how populations impact biodiversity have also changed
in the LAC region. Over the last 40 years, a steady trend of urbanization has
resulted in a population that is now more than 78% urban (UN 2007). Economic
conditions have also improved during that time: from 1969 to 2009, real per capita
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GDP for the region increased by 389% (World Bank 2009). Finally, civil unrest,
which was a major destabilizing force in much of the region from the end of the
Cold War era through the 1980s, has decreased dramatically in the last 20 years.
It is important to note, however, that in the course of LAC’s economic and
demographic transitions, the benefits have not been felt evenly across the landscape
(Korzeniewicz and Smith 2000). In addition to a lack of improvements for parts of
the human population, some environmental threats have become more serious as a
result of the transitions that occurred, including increased per capita energy and
natural resource consumption associated with improvements in living standards (for
a more thorough analysis see Meyerson et al. (2007), Kramer et al. (2009), and
Rudel et al. (2009)).

Greater population stability and economic improvements notwithstanding, demog-
raphy still plays a role in some of the threats facing priority conservation areas of the
LAC region. In the Caribbean Islands, which ranks third highest among all hotspots in
population density, 38—45% of the remaining vegetation cover is at risk from popula-
tion pressure (defined as densities above 100 people per square kilometer by Shi et al.
(2005)). In the Mesoamerican hotspot, which has increased by 12 million people,
or 19%, since 2000, both forest cover and vertebrate population declines have been
associated with high human population density (Miles et al. 2006; Vazquez and
Gaston 2006). The Atlantic Forest hotspot, with less than 10% of its original vegeta-
tion remaining, has also increased by ten million people during the past decade.
Finally, the Amazon TWA, while less densely populated than other LAC hotspots,
is nevertheless experiencing deforestation associated with high population densities
(Armenteras et al. 2006; Dutra Aguiar et al. 2007). At current annual growth rates, the
human population in the Amazon is expected to double in less than 30 years.

A sizable fraction of the human population growth in the LAC priority areas has
occurred in lowland tropical forests, where deforestation has been associated with
colonization of forest lands by frontier settlers (Carr 2008; Carr et al. 2009). Studies
also indicate that high fertility rates among rural frontier populations and indige-
nous populations of the lowland tropical forests are far higher than national or rural
averages (McSweeney and Arps 2005; Bremner et al. 2009; Carr et al. 2009). The
LAC rural areas that are also home to hotspots are, like their Asian and African
counterparts, typically underserved in terms of access to basic health services,
including reproductive health services (see Box 4.2). Lack of these basic services
has been positively linked to higher relative population growth rates, lower health
quality metrics, increased poverty and habitat degradation (Cincotta and Engelman
2000; Margoluis et al. 2001; Engelman et al. 2006; Steele et al. 2006; Nash and De
Souza 2007).

4.4.4 Other Hotspots

Of the hotspots not discussed above, the California Floristic Province is most
notable in terms of its population dynamics. It has the highest population density
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Box 4.2. Population, Health and the Environment

This chapter is about how and where the human population is threatening the
areas of the highest biodiversity around the globe. One of the recurrent
themes is how population growth in poor, rural areas leads to loss of species
and habitats. At least part of the implied solution is that growth rates in these
areas need to decrease or become negative if biodiversity is to be saved. That
is true, but it would be an error to interpret this solution to mean that fertility
or population growth rates are to be imposed on populations. Such an
approach could be considered authoritarian, imperialistic, even genocidal in
nature, as well as a violation of individual freedom and civil rights.

Remarkably and fortunately, the solution lies in increasing people’s rights
and freedom. It has been shown repeatedly and in numerous countries, that
when boys and girls get equal access to education and when rural men and
women get improved access to healthcare, including reproductive health
services and family planning, families get healthier, less poor and fertility
rates drop (UNFPA 2005). The data suggest that when land and resources are
limited, and people know that they and their children will survive, they
choose to have smaller, healthier families. That is good news from a conser-
vation perspective, but even better news for the people living in these
communities, whose access to these services comes with drops in maternal,
child and infant mortality, decreases in HIV/AIDS, reductions in teen preg-
nancy and abortions and overall improvements in standards of living
(UNFPA 2004; PAI 2006).

Not only do the links between access to basic health services and
decreased fertility rates benefit conservation on the macro-scale of entire
hotspots, but they also help ensure environmental sustainability on the level
of the individual communities where the beneficiaries of these services live.
Evidence from integrated population, health and environment projects
undertaken by governments and non-governmental organizations alike has
found that in rural communities where people have smaller families and
improved health, they make decisions about land and natural resource use
that are based on longer time horizons and result in greater sustainability of
those resources (Margoluis et al. 2001; USAID 2005; Steele et al. 2006; Nash
and De Souza 2007; PRB 2007). It makes sense: if people who depend on
their environment for their livelihoods are healthy, and they know that they
and their children are likely to remain healthy, they are going to take care of
the place where they live.

of the hotspots located within developed countries (UNDP 2009), and it is the only
hotspot whose annual population growth rate increased over the previous 5-year
period. Unlike many of the other hotspots experiencing population growth, how-
ever, much of the increase in California comes from migration. From 2000 to 2008,
international immigration was responsible for 42% of the population increase
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(before considering net domestic emigration) — a number that remains unchanged
from the previous decade (USCB 2008). California also differs from many of the
other hotspots in that much of the population-related threats to biodiversity are
manifested through urbanization and related development (Lawson et al. 2008;
McDonald et al. 2008, 2010).

Population trends for the Mountains of Southwest China hotspot are somewhat
ambiguous. As drawn in the original hotspots map, the area has a relatively low
population density and slow natural growth. As redrawn for the revised hotspots,
however, the area borders on several urban areas, including Chengdu, a city of 11
million people and a major economic hub. The natural- and migration-related
growth of Chengdu and other urban centers, including those associated with the
Three Gorges Dam, may spill over to affect this hotspot and skew its demographics
substantially.

The Mediterranean Basin is a densely settled hotspot with a long history of
human presence. As such, it continues to experience habitat fragmentation, forest
conversion, urbanization and development-related degradation of natural resources
(Coll et al. 2008; Palahi et al. 2008; Underwood et al. 2009). While the annual
growth rate, at 1%, is low as a regional average, the hotspot is demographically
heterogeneous. Among the 27 countries contained by the hotspot, growth rates vary
from negative population growth in Slovenia to more than 3% annual growth in
Jordan. Population growth rates are the highest in the eastern and southern parts of
the basin, particularly among the Middle Eastern and North African countries,
although parts of coastal Spain are also experiencing increasing growth rates.
Elsewhere in the hotspot, including in the northwest, urbanization and related
development threaten remaining fragments of natural habitat (McDonald et al.
2008). Overall, Shi et al. (2005) estimated that 37% of closed forests in the hotspot
were vulnerable to population pressures and 25% of the other natural vegetation
types were also at risk. Those estimates have likely increased since that study was
conducted, given that the average population density in the region is projected to
have increased from 2005 to 2010.

The analysis conducted here was guided by querying geospatial data aggregated
across many countries and regions. Errors of commission and omission are likely
included. Commission refers to mistakes made by the author in interpreting the
results, as well as mistakes made by others along the way who had the difficult task
of converting and combining disparate datasets of varying formats. Omission refers
to important aspects of how human population affects biodiversity that were either
not presented or not visible at the resolution of this study. The New Zealand,
Western Australia and Caucasus hotspots, for example, were not mentioned as
being affected by population pressures because, while their biodiversity is
threatened, those threats are not generally perceived to be directly related to high
human densities or rapid population growth. This is not to say that nowhere in these
hotspots does human population affect biodiversity. Rather, it is to suggest that
from the global perspective taken here, the impact of human population growth in
these places is small relative to other threats and relative to other hotspots.
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4.5 Conclusions and Discussion

This chapter has presented an update on how human population in the hotspots and
major tropical wilderness areas has changed from 2000 to 2010. Across the
hotspots, the data show that the annual population growth rate has declined,
although it is still above the global average. Despite the slowdown in growth,
population in the hotspots and TWAs is projected to have increased by more than
200 million people since 2000. While less densely populated, the TWAs have
experienced growth rates more than twice the average for the hotspots. Aggregate
numbers such as these can be misleading, however. Population growth has varied
from a net loss of people in the Succulent Karoo to an increase of more than 30% for
Madagascar and the Indian Ocean Islands. Likewise, population density in the
hotspots today varies from just over 1 person per square kilometer to more than
370 people per square kilometer. Such variation notwithstanding, it is possible to
generalize that human population growth has been most acute in sub-Saharan
Africa, followed by south-central Asia, southeastern Asia and Oceania, and then
by Latin America and the Caribbean.

While slower growth rates compared to 10 years ago reflect reductions in
fertility rates and aging population structures (UN 2008a; USCB 2010), the
populations, especially in most of the developing world hotspots, are still largely
characterized by cohorts that have either yet to enter their reproductive years or are
in the early stages therein. This combination suggests that momentum will augment
human population in these priority conservation areas, even as growth rates con-
tinue to fall.

Much of the impact that we as a species have on our local environment can
be captured by a straightforward formula: the number of people multiplied by
the impact per person. While this equation ignores a number of important
complexities — including global warming, the impacts of war, and pollution from
point sources like factories or industrial accidents — those, too, can be averaged
across the population. The result is that in order to reduce our impact, we either
have to decrease our numbers, our individual impacts, or better yet, both. This
chapter has left alone the discussion of individual impact and its complicated moral,
social and environmental justice implications. Instead, it has focused on highlighting
how the dynamics of human demography have changed in the last 10 years, and
how those changes have affected the biologically richest parts of the planet.

A logical reaction from the reader at this point may be to proclaim the situation
hopeless and wonder if anything can really be done about the population issue. The
short response is two-fold: (1) a certain amount of progress is already being made;
and (2) there are several fairly non-controversial actions that can and should be
taken to ensure that these positive changes continue and even accelerate. First, there
are declines in fertility rates and shifts to more stable population structures (see
Box 4.1) that are taking place in countries around the developing world. Part of
these changes is the result of focused efforts on behalf of governments, interna-
tional organizations and non-governmental organizations to extend health services,
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education, and access to family planning services to rural communities. Another
part comes through urbanization and the improved access to infrastructure and
government services that result when people either move to cities or when smaller
settlements grow and become urbanized. Whatever the cause, people who live in
urban areas tend to delay having children and reduce the number of children they
have compared to their rural counterparts (UN 2008c). While there are numerous
downsides to rapid urbanization, including localized environmental degradation,
increased pollution, greater per capita resource use and urban poverty, the upside is
a general improvement in economic and environmental indicators.

Second, with respect to actions that can be taken to ensure population growth
rates continue to decline, three activities stand out: (1) address rural poverty in the
developing world; (2) give girls and boys equal access to education; and (3) improve
access to family planning and contraception. People who are desperately poor have
a hard time taking care of themselves and their children, and the environment is far
down the list of priorities. They frequently cannot make decisions in favor of
safeguarding natural resources and the ecosystem services on which they depend
if their health or basic nutritional needs are in doubt. Giving girls equal access to
education has been shown repeatedly to promote equality, increase individual and
family incomes and improve family and environmental health (Tembon and Fort
2008). Finally, improving access to family planning services, including contracep-
tion, has been shown to decrease poverty, reduce maternal and child mortality and
improve environmental sustainability (Cleland et al. 2006). The delivery of such
services, moreover, is not about promoting a social agenda, imposing fertility limits
or providing controversial abortion services, rather it is about meeting the unmet
contraceptive needs of men and women in keeping with the Millennium Develop-
ment Goals established by the United Nations Development Programme (http://
www.undp.org/mdg/basics.shtml) (UNFPA 2005).

Another action that we can take is to continue to establish and support protected
areas for biodiversity and critical habitat. While some research indicates that
protected areas act as poles of attraction for migration and population growth
(Wittemyer et al. 2008), others dispute that claim (Joppa et al. 2009). Either way,
the preponderance of evidence suggests that protected areas aid in safeguarding
threatened species (Bruner et al. 2001; Brooks et al. 2009b). Even when parks do
not function as planned, they have been found to act as deterrents to overharvesting
and exploitation of natural resources (Rodriguez and Rodriguez-Clark 2001). A
convincing argument has also been made in favor of getting urban centers to
formally recognize and pay for the ecosystem services that protected areas and
ecologically healthy rural areas provide to their inhabitants (Gutman 2007).

The concern with respect to the above actions is that population growth, while
slowed, is still continuing. Also continuing are the habitat fragmentation and
degradation associated with this growth. Given that the hotspots are composed of
habitats and ecosystems that have already been reduced to a small fraction of their
original extent, we cannot expect that the natural demographic transition will occur
fast enough on its own to save these islands of biodiversity. We must assist that
process by promoting strategies like the Millennium Development Goals,
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strengthening and building the global network of protected areas, and generally
working on both parts of the equation: impact equals number of people multiplied
by impact per person.
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Abstract We summarize research on the global centres and gradients of vascular
plant diversity. Most centres of plant species richness are located in geodiverse
areas of the humid tropics and sub-tropics, especially in forest biomes. When
focussing on the rarity of the flora, islands play an outstanding role. Endemism-
scaled richness of oceanic island floras (endemism richness) exceeds those of
mainland regions by several-fold. In contrast to the situation for most other groups
of organisms, biodiversity patterns are relatively well understood for plants and
vertebrates. However, plant diversity of some of the most important centres is still
insufficiently documented — an important impediment for its conservation and
sustainable use. Though habitat conversion and overexploitation have yet the
most severe impact on plant diversity, future climate change is adding an additional
threat. This will likely affect plant diversity, especially in low-latitude countries,
which contributed least to the human-induced greenhouse gas emissions.
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5.1 Introduction

For the conservation, management, and use of biodiversity, it is essential to
understand its spatial distribution on Earth. Plants are of special relevance in this
context as primary producers and dominating elements in terrestrial ecosystems —
there is no forest without trees, and no savannah without grass. On the other hand,
plants together with terrestrial vertebrates are among the best-documented groups
of organisms regarding their taxonomy, ecology, and distribution. Thus, the Global
Strategy for Plant Conservation under the UN Convention on Biological Diversity
suggested as one of its 16 targets, to protect 50% of the most important areas for
plant diversity (IPA) by 2010. As documented in Table 5.1, for the global centres of
plant species richness, this aim belongs to the long list of biodiversity conservation
targets that have not been met.

The aim of this review is to present the global centres of vascular plant species
richness, their abiotic environment, the human impact within these centres, as well
as the biome-specific patterns of vascular plant species richness. In addition, we
discuss possible biome-specific impacts of future climate change on plant diversity.
The special role of islands as centres of high endemism richness is mentioned.

During the last decade, first assessments of global diversity patterns of most
groups of land plants as well as, e.g. marine macroalgae have been published (Shaw
et al. 2003; Adey 2005; Mutke and Barthlott 2005; Kerswell 2006; Feuerer and
Hawksworth 2007; Hedenas 2007; Konrat et al. 2008; Kreft et al. 2010). However,
for many taxonomic groups, documented regional species numbers reflect mainly
research intensity instead of real diversity patterns (e.g. Mutke and Geffert 2010).
Until today, vascular plants, including ferns, gymnosperms, and flowering plants are
still the only group with sufficient data to support more detailed analyses at least at the
global scale. Thus, all analyses presented in this paper refer exclusively to this group.

Biodiversity patterns are highly scale dependent (Whittaker et al. 2001; Rahbek
2005). In several cases, the scale and spatial resolution of the study determines which
of two geographical units harbours, e.g. higher species numbers (e.g. Braun et al.
2002; Schmiedel et al. 2010). Due to the global extent of the patterns reviewed in this
chapter, we had to focus on vascular plant diversity at the landscape level — species
richness per 10,000 km?, and endemism richness of larger biogeographical units.
Other datasets with information for hundreds of small scale vegetation plots have been
established in recent years (Phillips and Miller 2002; Dengler and GIVD Steering
Committee 2010). These can be used as the basis for further analyses referring to other
spatial grain sizes including, e.g., patterns of beta-diversity (Condit et al. 2002).

5.2 Maxima, Centres, and Hotspots of Plant Diversity

There are several concepts and approaches to determine important areas for biodi-
versity conservation. Taking into account the fact that biological diversity has many
different facets that might be measured, the simplest way is to look for maxima or
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Fig. 5.1 Global map of species richness of vascular plants highlighting the 20 centres of highest
species richness (after Barthlott et al. 2005; Mutke and Barthlott 2005)

centres of just one of these aspects, e.g. centres of species richness. This approach is
used in most broad-scale biodiversity assessments including the map presented in
Fig. 5.1. The main reason is that species richness is yet the only measure for which
sufficient data are available with global coverage at the examined scale and resolu-
tion. On the other hand, many centres of species richness as presented in Fig. 5.1 are
also important centres of plant diversity, in general. Centres of species richness,
such as the Northern Andes, the South African Cape Region, or the Albertine Rift
not only show a high concentration of species per area, but also have a high
percentage of endemic taxa, are cradles for the rapid evolution of new species,
and museums for the survival of evolutionarily old taxa (Fjeldsa and Lovett 1997;
Cowling and Proches 2005; Kier et al. 2009). Many of these areas are also important
centres of origin of a number of economically important species (Vavilov 1926).
Centres of plant diversity that are also highly impacted by human influence,
are denoted biodiversity hotspots, referring to a concept that was introduced by
Norman Myers more than 20 years ago, and has gained much attention in global
nature conservation policies (Myers 1988, 1990; Myers et al. 2000; Mittermeier
et al. 2005). Most centres of vascular plant species richness depicted in Fig. 5.1 are
as well global biodiversity hotspots (Kueper et al. 2004; Mutke and Barthlott 2005).
At the global scale, there exist 20 centres with at least 3,000 species per
10,000 kmz, which are described and analysed in detail by Barthlott et al. (2005).
The top five centres with more than 5,000 species per 10,000 km? cover only 0.2% of
the terrestrial surface, but are home to at least 18,500 endemic species (6.2% of the
global flora): (1) the Costa Rica-Choc6 Centre, (2) the Eastern Brazil Centre, (3) the
Tropical Eastern Andes Centre, (4) the Northern Borneo Centre, and (5) the New
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Guinea Centre. All these are located in the Neotropics or SE Asia. By contrast, species
richness is lower in the African centres when compared with other parts of the tropics.
This is also the case for the overall flora of the African continent. An exception is the
Capensis Centre of South Africa, which almost reaches the global maximum species
richness. Additionally, it has a highly unique flora with a high proportion of endemic
species and even five endemic families (Goldblatt and Manning 2002).

5.3 Centres of High Vascular Plant Diversity Are As Well
Centres of High Geodiversity

Most centres of vascular plant diversity are characterized by a high geodiversity, the
diversity of the abiotic environment. This includes the diversity of the relief, soils,
geology, or climate (Barthlott et al. 1996). Most of the centres are located in areas
with high mountains, and often steep climatic gradients (Barthlott et al. 2005). All
centres, except for the Australian ones, cover altitudinal ranges of at least 2,000 m,
resulting in gradients from lowland to montane vegetation (Table 5.1). Together
with the associated spatial heterogeneity of temperature and precipitation in these
areas, these factors increase the floristic heterogeneity and consequently species
richness on the examined spatial scale. The range between the driest and the wettest
spot within each individual centre is at least 1,000 mm year ' except for the SW
Australia and Maputaland—Pondoland Centres. Referring to the generalized biome
classification by WWF (Olson et al. 2001), more than 90% of the spatial extent of
the centres fall into forest biomes. Sixteen of 20 centres belong to the tropical and
subtropical moist broadleaf forest biome. Fifteen of 20 centres are located in humid
areas, i.e. have positive water balances. Fifteen of 20 centres include areas, where
there is no limitation of the thermal vegetation period, with exception of the NE
Australia Centre, two centres with Mediterranean type climates, and the temperate
Asian centres. However, most centres cover altitudinal gradients that reach the
upper forest line and altitudes of frequent frost events. The high diversity of
different soil types is regarded to be a special characteristic of the South African
Capensis Centre (Goldblatt and Manning 2002). In addition to the current environ-
mental parameters, historical influences play a major role. Many of the centres are
either places of long-term climatic stability such as the South African Cape Region
(Cowling and Proches 2005) or of important radiations within major groups of their
flora due to recent tectonic events such as the Northern Andes (Gentry 1982).

5.4 Centres of Species Richness and Endemism: The Special
Role of Mountains and Islands

Due to the high spatial heterogeneity of the abiotic environment, mountain regions
provide a mosaic of many different habitats that facilitate the existence of different
biological communities — often fairly isolated from other similar habitats. This island-like
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character of many mountain tops or isolated valleys has comparable effects on their
floras as on oceanic islands. In an analysis of global patterns of ‘endemism richness’
of vascular plants and vertebrates, we found that all regions in the highest classes are
either oceanic islands or mountain regions, especially in the tropics and sub-tropics
(Kier et al. 2009). Endemism richness is calculated by summing up the fractions of
the distribution ranges for all species covered by a mapping unit, and thus, reflects
both endemism and species richness. The by far highest endemism richness of
vascular plants per 10,000 km” occurs on the island of New Caledonia, followed
by the South African Cape Region, Polynesia—Micronesia, the Eastern Pacific
Islands, and the Atlantic Islands. Different parts of the tropical Andes of South
America are as well within the top 20 regions of endemism richness of vascular
plants (Kier et al. 2009). Around 70,000 vascular plant species, or c. 22% of the
global flora, are endemic to oceanic islands on only 3.6% of the worldwide terrestrial
surface (Kreft et al. 2008; Kier et al. 2009).

5.5 Human Impact Within Centres of Plant Diversity

Unfortunately, human impact on the world’s ecosystems spatially coincides in many
cases with patterns of biological diversity. Even conservative estimates based on the
Global Landcover dataset generated by the European Joint Research Centre (2002)
indicate that more than 40% of the land area has been converted by human land use
in six of the 20 centres of vascular plant diversity (Caribbean Centre, Caucasus
Centre, Eastern Brazil Centre, Mesoamerica Centre, Madagascar Centre, and Med-
iterranean Centre). Based on other habitat classifications and analyses, these figures
are much higher (up to 80% and more) for all the 20 centres (Myers et al. 2000).
Human population density and human impact as measured by the human footprint
index (Sanderson et al. 2002) is on average higher within the 20 centres of vascular
plant diversity compared with the global average. Based on 2005 population data
(CIESIN and CIAT 2005), at least 939.6 million people live within the 20 centres of
plant species richness listed in Table 5.1, resulting in an average population density
that is more than twice the global mean. This might be partly due to the above-
average net primary productivity (NPP) in these centres, which has been shown to
correlate positively both with human settlement and with biological diversity at the
examined scale (e.g. Balmford et al. 2001; Luck 2007). NPP is higher than the global
average in all centres, except the Capensis. Conjointly with high geodiversity in
most of the centres, these parameters not only correlate with high plant diversity, but
also high cultural diversity (Stepp et al. 2005). Extremely high human population
densities can be found, especially, in the Western Ghats Centre and parts of the
Indochina—China Centre in Southern China, but as well in parts of the Albertine Rift
Centre in Eastern Africa and of the Eastern Brazil Centre. On the other hand,
diversity centres with only very sparse human settlement (good news areas) are, e.g.
the Guayana Centre, parts of the lowland area of the Andes—Amazonia Centre, the
SW and NE Australia Centres, the Karoo—Namib part of the South African Capensis
Centre, and the Central Mountain Range of the Papua Centre.
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Looking at the mean human population density (CIESIN and CIAT 2005) across
the WWF biomes (Olson et al. 2001), highest densities occur in tropical coastal
areas of the mangrove biome, the temperate broadleaf and mixed forest biome, the
tropical and subtropical dry broadleaf forests biome, and the tropical and subtropi-
cal moist broadleaf forests biome. When analysed within biomes at ecoregion scale,
a significant correlation between vascular plant species richness and human popu-
lation density can only be found in five biomes: the boreal forests and taiga, the
temperate grasslands, savannahs and shrublands, the montane grasslands and
shrublands, the tundra and the deserts and xeric shrublands (Kier et al. 2005).
These are the biomes, where plant growth is limited by constraints such as a short
vegetation period or low water availability. Hence, in these biomes, human
settlements concentrate in areas with suitable conditions for plant growth, and
thus, for cultivation of crops, which often correlate with areas of high species
richness (Kier et al. 2005).

5.6 Biome-Specific Patterns of Vascular Plant Diversity

In addition to centres of high diversity, there exist distinct plant diversity gradients
linked to the abiotic environment. The best-known examples are latitudinal
gradients of increasing species richness with decreasing latitude, or the importance
of mountain areas (Fischer 1960; Pianka 1966; Gaston 2000; Willig et al. 2003;
Hillebrand 2004; Sarr et al. 2005; Mutke 2011). The biome with the highest
documented species richness is the tropical and subtropical moist broadleaf forest,
followed by the tropical and subtropical coniferous forest, and Mediterranean
woodlands and scrubs. Lowest mean species richness can be found in the tundra
and taiga. However, the absolute minima of vascular plant species richness are
located in arctic and Antarctic environments, as well as in hyper arid areas, e.g. of
the Sahara. As shown in Fig. 5.2, the mean species richness per biome at a
10,000 km scale shows some relation to the length of the thermal vegetation period
as well as to the number of humid months. In earlier, more detailed analyses, we
always found those correlations with constraints imposed by the physical environ-
ment, such as the length of the thermal vegetation period or water availability
(Mutke et al. 2001; Mutke and Barthlott 2005; Kreft and Jetz 2007; Kreft et al.
2008, 2010). However, it is still discussed to which extent current environment or
earth history has been shaping these patterns (e.g. Ricklefs 2005).

5.7 Biome-Specific Impacts of Climate Change on Plant
Diversity

There is no longer doubt that human activities are amplifying the rate of current
global warming (Rahmstorf et al. 2007). According to the Intergovernmental Panel
on Climate Change, estimates of the possible future economical and societal
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Fig. 5.2 Mean vascular plant species richness per 10,000 km? of the 14 terrestrial biomes in
relation to frost-free days and number of wet months after Mutke (2011) based on the dataset used
in Mutke and Barthlott (2005), biome definitions after Olson et al. (2001): (1) Tropical and
subtropical moist broadleaf forests, (2) Tropical and subtropical dry broadleaf forests, (3) Tropical
and subtropical coniferous forests, (4) Temperate broadleaf and mixed forests; (5) Temperate
coniferous forests, (6) Boreal forests/taiga, (7) Tropical and subtropical grasslands, savannas, and
shrublands, (8) Temperate grasslands, savannas, and shrublands, (9) Flooded grasslands and
savannas, (10) Montane grasslands and shrublands, (11) Tundra, (12) Mediterranean forests,
woodlands and scrub, (13) Deserts and xeric shrublands, and (14) Mangroves [not included in
our analysis)]

development indicate a continuation of global warming at even accelerating rates at
least until the year 2100 (IPCC 2007).

Habitat conversion, overexploitation, pollution, and invasive alien species have
been important drivers of biodiversity loss in the past and will be in the future
(Millenium Ecosystems Assesment 2005; Convention on Biological Diversity
2010). However, life on earth is increasingly affected by changing climatic
conditions in many different ways (Walther et al. 2002; Parmesan 2006; Conven-
tion on Biological Diversity 2010). Earlier flowering times and arrival of migratory
birds have been observed that are in concordance with warmer spring temperatures
in parts of the northern hemisphere. Climate change may also have an effect on the
size and location of species’ geographic ranges (Parmesan 2006). This includes the
expansion of ranges into new, suitable areas that may be located at higher latitudes
and/or altitudes. On the other hand, species may get locally extinct in areas where
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the climatic changes exceed their ecological and physiological adaptability
(Parmesan 2006).

The limitation in data availability on individual plant species distributions on a
global scale calls for alternative concepts to assess the impact of climate change
at this level. One way to tackle this challenge is to analyse the contemporary
relationship between regional species richness and the corresponding climate
conditions. Thereby, the occurrence of a certain set of climate variables can be
translated in a corresponding capacity for species richness (CSR) for that region.
According to the space-for-time substitution concept (La Sorte et al. 2009), this
relationship is then applied to estimated future climate surfaces (Sommer et al.
2010).

In a global model for contemporary plant species richness, the relationship
between temperature and water availability appeared to be a major limiting factor
of the species number a certain region can maintain (Kreft and Jetz 2007; Sommer
et al. 2010). In areas with humid conditions, a positive relationship between species
richness and temperature was found, i.e. the warmer the temperature, the higher the
corresponding species richness. In dry regions, the correlation between species
richness and temperature appeared to be negative; here, hotter regions maintain
fewer species than cooler ones.

In the context of climate change, this relationship may provoke substantial shifts
in the regional capacities for species richness (CSR, compare Fig. 5.3 with Sommer
et al. 2010) and the CSR may increase in areas that feature cool and wet climates.
On the other hand, CSR may substantially decrease in already warmer and dryer
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Fig. 5.3 Modelled changes in the capacity for species richness (CSR) between today and the year
2100 under the IPCC scenarios B1 (grey: +1.8°C) and A1FI (white: +4.0°C) (modified after
Sommer et al. 2010). (a) Global average CSR change as mean values for the PCM, CGCM2,
CSIRO2, and HadCM3 general circulation models (GCMs). (b) CSR change across all 13
terrestrial biomes. Percentage values reflect the change in CSR for the respective subset of
110 x 110 km equal-area grid cells. Bold lines indicate the mean value, boxes indicate second
and third quartiles, and whiskers indicate 10th and 90th percentiles
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subtropical and tropical regions. This is particularly alarming, as developing
countries that contributed less to the global greenhouse gas emissions are subject
to the most severe changes in the CSR, but are in many cases particularly vulnerable
to the consequences of climate change (Intergovernmental Panel on Climate
Change 2007).

5.8 Hotspots of Plant Diversity: Well Known But Poorly
Documented

As documented by a large number of publications during the last 15 years, the
location of the main centres of diversity of vascular plants and vertebrates are
well known on the global scale (Kier et al. 2005; Mutke and Barthlott 2005;
Ceballos and Ehrlich 2006; Grenyer et al. 2006; Barthlott et al. 2007; Jetz et al.
2009; Kier et al. 2009). There is a far reaching consensus among scientists on a
global minimum set of irreplaceable key biodiversity areas, where conservation
would be most effective (Brooks et al. 2006). There is no excuse for the fact
that environmental degradation continues and is even accelerating at many of
these sites.

However, despite the fact that it is well-known that, e.g. the floras of Colombia
in NW South America or New Guinea in SE Asia are remarkably diverse, the state
of floristic knowledge is often biased either taxonomically or geographically.
Frodin (2001) lists these regions among his global compilation of “areas that
most need floras”. In the 1990s, it was estimated that around 25% of the Neotropi-
cal flora consists of yet undescribed species (Dirzo and Gémez 1996; Thomas
1999). Kueper et al. (2006) found that some of the top centres of vascular plant
diversity in tropical Africa are among the least documented regions. Regarding
global diversity patterns of mosses, we recently showed that many floras outside
Europe are heavily undersampled (Mutke and Geffert 2010). Thus, the conserva-
tion of biodiversity and our biological resources on a sound scientific basis
requires further basic taxonomic research, natural history collections, and the
respective field work. However, especially for hotspot areas with high plant
diversity combined with high impact by human activities, the loss of biological
diversity most likely exceeds by far the rate of its documentation. As our tradi-
tional efforts in this context might be insufficient, new innovative methods may be
helpful including DNA barcoding (Hollingsworth et al. 2009), GIS-based
geostatistical modelling and gap analyses (Burgess et al. 2002; Burgess et al.
2005; Paton 2009). Moreover, it is important that non-commercial biodiversity
research and international co-operation to document the vanishing biodiversity and
to understand ecosystem functions is not impeded by political restrictions. It is
essential to build and maintain true co-operations that result in important benefits
for all partners — though these might only be partly monetary. Data sharing,
capacity building regarding training and education, and the establishment of
research infrastructure are strongly needed.
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Chapter 6
Genetic Basis of Human Biodiversity: An Update

Guido Barbujani and Vincenza Colonna

Abstract The massive efforts to study the human genome in detail have produced
extraordinary amounts of genetic data. Although we still fail to understand the
molecular bases of most complex traits, including many common diseases, we now
have a clearer idea of the degree of genetic resemblance between humans and other
primate species. We also know that humans are genetically very close to each other,
indeed more than any other primates, that most of our genetic diversity is accounted
for by individual differences within populations, and that only a small fraction of
the species’ genetic variance falls between populations and geographic groups
thereof. However, population differences are large enough for patterns to emerge,
and these patterns have been extremely useful to reconstruct the history of human
migration and to recognise the effects of reproductive isolation. In many cases,
crucial information about human demographic history has emerged from multi-
disciplinary analyses, which have stressed the importance of cultural, as well as
geographical, barriers in causing local divergence of populations.

6.1 Introduction

Our knowledge of human genome diversity has greatly improved in the last
decades, partly as a side effect of the effort to understand the basis of human
disease. The Human Genome Project, begun in 1990 and coordinated by the US
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Department of Energy and the National Institutes of Health (Watson and Jordan
1989), had several ambitious goals, mostly related with molecular medicine. They
included identification of all genes in human DNA and determination of the
nucleotide sequence of the 46 chromosomes. The human reference sequence, or
NCBI sequence, which in fact is an assemblage of haploid DNA segments from five
donors (International Human Genome Sequencing Consortium 2001) is publicly
available at Genbank (Benson et al. 2010).

Now that the whole genome sequences of nine individuals are available, and
studies of >1 million polymorphisms have been published by the hundreds
(Ragoussis 2009), we have a much better understanding of why single-gene
diseases arise, and how alleles at modifier genes affect the severity of the
symptoms. In addition, nucleotide substitutions have been identified accounting
for a large share of the observed variation for simple non-pathological traits, such as
lactose tolerance (Tishkoff et al. 2007; Enattah et al. 2008) and taste perception
(Garcia-Bailo et al. 2009). However, we still miss a comprehensive picture of the
molecular basis of many phenotypic traits. These include quantitative traits such as
adult height (Weedon et al. 2008), or the difficult-to-define, but important, “healthy
aging” (Glatt et al. 2007), and most common disorders, from cancer to cardiovas-
cular and neurological diseases (Goldstein 2009). The problem is that these
phenotypes result from the action of tens or hundreds of genes, most of them with
small effects, often influenced by scores of environmental factors. Dealing with
such levels of complexity requires not only abundant data, which are rapidly being
produced, but also good models predicting how hundreds of genetic and non-
genetic factors interact, which we have not developed yet.

In the meantime, however, the recently published data are giving us an unprece-
dented depth of insight into human diversity, which in turn allows for more robust
inferences about the underlying demographic history. The present paper will deal
with some of these recent advancements.

6.2 Patterns of Human Genetic Diversity

6.2.1 Genetic Diversity Between Humans and Our Closest
Relatives

At the protein level, humans are closely related with chimpanzees, and a little bit
less closely with gorillas (Goldman et al. 1987). The chromosomes, and the general
arrangement of genes on them, are strikingly similar in humans and in the great
African apes (Jauch et al. 1992), to the point that according to Gagneux and Varki
(2001) all these species could conceivably be classified as a single genus. At the
DNA level, results depend on the type of polymorphism considered. Broadly
speaking, variable sites are classified either as single nucleotide polymorphisms
(SNPs) or structural variants, the latter including a vast and heterogeneous set of
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microsatellite polymorphisms, insertion/deletions, block substitutions, inversions
and copy number variations (CNVs) (Frazer et al. 2009). Various chromosomal
rearrangements, millions of insertion/deletion (indel) events, and roughly 35 mil-
lion single-nucleotide changes were identified by aligning complete (or almost
complete) human and chimpanzee genomes (Chimpanzee Sequencing and Analysis
Consortium 2005). Over an estimated genome length close to three billion
nucleotides, the last figure means that the rate of single-nucleotide substitutions is
1.23%, 1.06% of which apparently fixed between species.

However, that figure might underestimate the actual level of species differentia-
tion. Indeed, the DNA regions containing segmental duplications, or SDs, are
difficult to align between humans and chimpanzees (Marques-Bonet et al. 2009b).
Some 150 Mb of genomic DNA sequence is estimated to be present only in one or
the other species (Kehrer-Sawatzki and Cooper 2007). Thus, the between-species
difference in duplication content and copy number is close to 2.5% of the
total genome length (Cheng et al. 2005), twice as much as inferred from single-
nucleotide substitutions. These figures are approximate and may change in the
future, but highlight how the apparent divergence may differ, sometimes deeply,
depending on the polymorphism considered and on the mutation mechanism
generating it (Marques-Bonet et al. 2009a).

6.2.2 Low Levels of Genetic Diversity Within Humans

The comparison between humans and other primates offers another important
insight into the genetic peculiarities of our species. The branches of the evolution-
ary tree separating humans are very short, shorter indeed than those between
chimpanzees of the same geographical region (Fig. 6.1). In various genome regions,

gorillas

orang-utans

chimpanzees

bonobos

humans

Fig. 6.1 Phylogenetic tree of human (n = 70), chimpanzee (n = 30), bonobo (n = 5), gorilla
(n = 11) and orang-utan (n = 14), based on 10,000 bp sequences of a noncoding Xq13.3 region.
A gibbon sequence was used as outgroup. Reproduced with permission, from Kaessmann
et al. (2001)
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nuclear (Kaessmann et al. 2001) as well as mitochondrial (Gagneux and Varki
2001), humans appear far less differentiated than any other related species, includ-
ing bonobos. This conclusion is supported by several lines of evidence.

In fact, if we subtract 1.06% (the nucleotide substitutions fixed between species)
from 1.23% (the estimated SNP difference between humans and chimpanzees),
the maximum extent of SNP in the human genome is 0.17%. This figure can be
compared with measures of SNP variation among the nine complete genome
sequences available so far (Levy et al. 2007; Bentley et al. 2008; Wang et al.
2008; Wheeler et al. 2008; Ahn et al. 2009; Kim et al. 2009; McKernan et al. 2009;
Schuster et al. 2010), plus the NCBI reference sequence.

In the study of Craig Venter’s genome, 3,213,401 of the 4.1 million variants
detected (including structural variants) were defined as single-nucleotide variable
sites (Levy et al. 2007). More than 1.5 million additional SNPs were described in
the most recent study on Southern Africans, based on two completely sequenced
genomes, and three genomes massively sequenced in coding regions (Schuster et al.
2010). Therefore, allowing for some inaccuracies to exist in the data, over an
estimated genome length close to three billion, SNPs appear to represent some
0.13% of the total. As further studies will expand the list of polymorphic sites,
estimates based on whole genome comparisons may approach the estimates
inferred from species comparisons. Even then, the genetic differences between
two random humans would be roughly half of those between two random
chimpanzees (Fischer et al. 2004).

6.2.3 Summary Measures of Population Structure

The pattern of genetic differences over the geographical space is referred to as
population structure, and can be summarised in several ways. The simplest is by
means of Wright’s Fgr, representing in this case the fraction of the overall species’
variance explained by differences between populations.

Different loci vary in their Fgr values. Regions of high and low differentiation
are scattered over the chromosomes (Weir et al. 2005; Coop et al. 2009), and the
standard deviation of Fgr equals or exceeds the average estimate, thus suggesting
that averages do not well represent the whole pattern. Nevertheless, these averages
appear rather consistent, somewhere between 0.05 and 0.13 (International Hap Map
Consortium 2005; Barreiro et al. 2008; Li et al. 2008; Auton et al. 2009; Xing et al.
2009) for autosomal SNPs (Table 6.1), i.e. one-third of what observed in gorillas,
0.38 (Thalmann et al. 2007). A comparison with chimpanzees is only possible for
Y-chromosome SNPs, but once again Fgt in humans is about one-third (0.36 versus
0.88), even though humans, unlike chimpanzees and gorillas, are spread all over the
world (Stone et al. 2002). Therefore, not only do humans show the lowest species
diversity among primates (Kaessmann et al. 2001), but they are also subdivided in
populations more closely related than any other primate species, with the possible
exception of bonobos (Fischer et al. 2006).
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Table 6.1 Genomic estimates of Fgr for the global human population®

N of markers Samples Fgr  Reference
209 individuals from four populations:
599,356 SNPs Caucasian, Chinese, Japanese, Yoruba 0.13  Weir et al. (2005)
71 individuals from four populations:
1,034,741 SNPs Caucasian, Chinese, Japanese, Yoruba 0.10  Weir et al. (2005)
269 individuals from four populations: International Hap Map
1,007,329 SNPs Caucasian, Chinese, Japanese, Yoruba 0.12 Consortium (2005)

443,434 SNPs 3,845 worldwide distributed individuals 0.052 Auton et al. (2009)
210 individuals from 4 populations:

2,841,354 SNPs Caucasian, Chinese, Japanese, Yoruba 0.11 Barreiro et al. (2008)
554 individuals from 27 worldwide
243,855 SNPs populations 0.123 Xing et al. (2009)
100 Alu 710 individuals from 23 worldwide
insertions populations 0.095 Watkins et al. (2008)
270 individuals from four populations with
67 CNVs ancestry in Europe, Africa or Asia 0.11 Redon et al. (2006)

4SNP single nucleotide polymorphism, CNV copy number variation

Many structural changes in the genome result in CNV , and occur at a much
lower rate than single-nucleotide substitutions. Accordingly, one should not neces-
sarily expect similar levels of diversity for SNPs and CNVs. However, the Fgr
estimate for 67 autosomal CNVs (in a small set of populations) is 0.11 (Redon et al.
2006), i.e. just a bit less than most SNP-based estimates. Similar levels of popula-
tion differentiation, around 0.09 or 0.10, were inferred from studies of Alu
insertions (Redon et al. 2006; Xing et al. 2009).

A more articulate way to describe population structure is by means of statistics
apportioning the genetic variance at various levels of population subdivision, using
forms of analysis of variance, such as AMOVA (Excoffier et al. 1992) that take into
account the fact that the allele-frequency distributions are not Normal (Table 6.2).
Lewontin (1972) pioneered this type of work, analysing blood group and serum
proteins in seven racial groups (Caucasian, African, Mongoloid, S. Asian Aborigines,
Amerinds, Oceanians and Australian Aborigines). He estimated that differences
among populations of the same group, and between groups, account, respectively,
for 8.3% and 6.3% of the global species variance. Because the remaining 85.4% of
the variance was accounted for by differences between individuals of the same group,
Lewontin proposed to abandon the concept of biological race as useless for the study
of humans. Understandably, this proposal met with criticism, and one was that there
were problems in the interpretation of the statistics chosen to quantify diversity.
However, when Lewontin’s data (with one additional locus) were reanalysed using
a different metrics, the initial results were confirmed (Latter 1980).

Later DNA studies, generally grouping populations under geographic, rather
than racial, criteria, confirmed that human genome diversity may be summarised by
three numbers, 85, 5 and 10, representing, respectively, the percent individual
differences within populations, between populations of the same group and between
groups (Barbujani et al. 1997; Jorde et al. 2000; Rosenberg et al. 2002; Bastos-
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Table 6.2 Estimated fractions of the global human diversity, at three hierarchical levels of
population subdivision (estimates based on only mtDNA or the Y chromosome not reported)®

Between
Within populations,  Between
Polymorphism N of loci populations within groups groups Reference
Protein 17 85.4 8.3 6.3 Lewontin (1972)
Protein 18 85.5 5.5 9.0 Latter (1980)
Protein 25 86.0 2.8 11.2 Ryman (1983)
SNPs 79 84.5 3.9 11.7 Barbujani et al. (1997)
STRs 30 84.5 5.5 10.0 Barbujani et al. (1997)
STRs 60 87.9 1.7 10.4 Jorde et al. (2000)
SNPs 30 85.5 1.3 13.2 Jorde et al. (2000)
Alu insertions 13 80.9 1.8 17.4 Jorde et al. (2000)
Alu insertions 21 82.9 8.2 8.9 Romualdi et al. (2002)
-globin 1 79.4 2.8 17.8 Romualdi et al. (2002)
STRs 377 94.1 2.4 3.6 Rosenberg et al. (2002)
Excoffier and Hamilton
STRs 377 87.6 3.1 9.2 (2003)
Ramachandran et al.
X-linked STRs 17 90.4 4.6 49 (2004)
Bastos-Rodrigues et al.
Indels 40 85.7 2.3 12.1 (2006)
HLA 5 88.6 4.4 7.0 Meyer et al. (2006)
Autosomal SNPs 642,690 88.9 2.1 9.0 Li et al. (2008)
X-linked SNPs 16,400 84.7 24 12.9 Li et al. (2008)
MEDIAN® 87.0 2.8 10.2

4SNP single nucleotide polymorphism, STR short tandem repeat, Indel insertion/deletion poly-
morphism

®These are the median values calculated giving the same weight to all studies. Otherwise, given the
large differences in the number of loci considered, the weighted medians would correspond to the
values estimated by Li et al. (2008). The actual median values, respectively, 85.5, 2.8 and 10.0, did
not sum up to 1, and hence they were normalised by dividing them by 98.3

Rodrigues et al. 2006; Li et al. 2008). Very similar estimates were inferred from
autosomal studies of SNP and short tandem repeat (STR) variation, and some of
them included loci such as beta-globin (Romualdi et al. 2002) and HLA (Meyer
et al. 2006), known to be affected by selection. This result is intriguing, because
natural selection affects single loci, and therefore it is expected to increase
(diversifying selection) or reduce (stabilising selection) the value of Fgr at specific
genomic regions (Cavalli-Sforza 1966); many modern approaches for the identifi-
cation of differential selection are indeed based upon this principle (Novembre and
Di Rienzo 2009). Apparently, the differences between neutral loci and selected loci
are minor, and do not alter substantially the general pattern of geographic variation
observed over much of the genome.

Analyses of mtDNA and Y-chromosome polymorphisms yield higher estimates
of between-population and between-group variance (reviewed in Brown and
Armelagos 2001 and Barbujani 2005), strongly suggesting that genetic variances
largely reflect the interplay between drift and gene flow, with drift obviously having
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a greater impact upon the haploid portions of the genome. Conversely, a higher
estimate of the degree of differentiation within populations, 88.9%, comes from the
largest study so far, more than 640,000 autosomal SNPs (Li et al. 2008). In short,
population differences account for 15% or less of the species’ genetic variance, both
when estimated by Fsr and by summing up the last two columns of Table 6.2. One
way to envisage these figures is to say that the expected genetic difference between
unrelated individuals from distant places exceeds by 15% the expected difference
between members of the same community (Barbujani 2005). Another is to say that if
only one human population survived extinction, about 85% of the species’ allelic
diversity would be retained (or more, if the surviving population is African).

6.3 How Did We Traditionally Envisage Human Diversity?

The results summarised above go contrary to the traditional, and still widespread,
idea that humans can be easily attributed to natural biological clusters, members of
which have closer genealogical relationships with each other than with members of
other clusters. For centuries, these clusters have been referred to as races, but very
old is also the suspicion that there might be something unscientific in human racial
classification. Man, wrote Charles Darwin (1871), “has been studied more carefully
than any other animal, and yet there is the greatest possible diversity amongst
capable judges whether he should be classed as a single species or race, or as two
(Virey), as three (Jacquinot), as four (Kant), five (Blumenbach), six (Buffon), seven
(Hunter), eight (Agassiz), eleven (Pickering), fifteen (Bory St. Vincent), sixteen
(Desmoulins), twenty-two (Morton), sixty (Crawfurd), or as sixty-three, according
to Burke”. When these words were written, systematic studies of human biological
diversity were just analyses of skull shape and size, and genetics was in its infancy.
Still, after the accumulation of enormous amounts of relevant information, the levels
of uncertainty have not decreased by much. The obvious biological differences
among humans allow one to make educated guesses about an unknown person’s
ancestry, but agreeing on a catalogue of human races has so far proved impossible.

Of course, we all are not equal. The classical, typological approach consists in
identifying some basic human types, defined on the basis of facial traits, height,
body structure and skin colour, and then assigning individuals to one of those types,
or races (Cohen 1991). Starting with Linnaeus and for at least two centuries,
analyses of human biological diversity were essentially aimed at compiling race
catalogues (Bernasconi and Lott 2000). However, as Frank Livingstone (1963)
pointed out, it is simple to list typical anatomical features of a region or a popula-
tion, but each human group includes variable proportions of people who do not
resemble the typical individual. To bypass this difficulty, races were defined by
combinations of trait, often including non-biological variables such as language,
house-building and tool-making techniques (see Cohen 1991, where reference to
the original eighteenth and nineteenth century sources can be found). However,
there is a second problem, namely, variation is discordant across traits, and so
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analyses of different sets of traits lead to different classifications. A third problem,
of which we became aware only more recently, is that there is no general “common
perception” of race; individuals who are regarded as white in a certain cultural
contexts (e.g. in India) may be considered black in another (e.g. in Europe or North
America) (Glasgow 2009). It comes as no surprise, then, that the scientific attempts
to list the main human groups yielded many discordant catalogues, including
from 2 to 200 items (Molnar 1998).

Starting from Linnaeus’ six races and going through Buffon’s, Blumenbach’s,
Cuvier’s and many other systems into the twentieth century, the number of races
increased (see Madrigal and Barbujani 2007 for a more detailed list). In his Systema
naturae, Linnaeus first defined the species Homo sapiens within the order Primates
and divided it in four continental varieties. At the end of the eighteenth century,
it was the German anatomist Blumenbach who refused a relationship between
humans and the other primates, proposing that there are five human races,
corresponding to the five continents, four of them regarded as more or less serious
degenerations from the European race, which he first termed “Caucasian”.

In the nineteenth and early twentieth century, the picture became increasingly
complicated. Fitting the populations newly encountered by explorers and
anthropologists into pre-existing races proved difficult, and new races had to be
added. The catalogues became broader, and the distinctions between races therein
ambiguous, until Livingstone (1962) proposed that human variation should be
regarded as essentially continuous, and the concept of race be regarded as
misleading for understanding human biological diversity. Dobzhansky (1967)
maintained that human races could nevertheless be defined at least as open genetic
systems, each differing from its neighbours for some allele frequencies. However,
according to this definition any human population would be a distinct race, which is
not how races are generally conceived by evolutionary biologists. This debate is
still open, with different authors siding with either Dobzhansky or Livingstone.
However, in the Sixties genetic information had substantially grown, as well as
quantitative methods for its analysis (Cavalli-Sforza and Edwards 1967; Cavalli-
Sforza 1966; Sokal et al. 1988). Starting from the last decades of the twentieth
century, most studies focussed, then, on the levels and patterns of genetic variation
in geographical space, summarised in Cavalli-Sforza et al. (1994) atlas.

6.4 How Do We Summarise Human Diversity,
and How Did It Evolve?

Recent studies of the human genome are showing why it proved so difficult to agree
on a list of the main biological groups of humankind. To understand the main
evolutionary processes shaping human diversity, one should focus on samples
of populations that have been affected only mildly by the migratory exchanges of
the last few centuries; these are what we shall call anthropological samples, and are
represented by individuals from relatively isolated groups. Many such samples
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were collected at the CEPH (Centre d’Etude du Polymorphisme Humain, Paris),
where they form the HGDP (Human Genome Diversity Panel) (Cann et al. 2002;
Cavalli-Sforza 2005), namely, a set of cultured cell lines from >1,000 individuals
in 51 worldwide populations, with the exceptions of India and Australia (http://
www.cephb.fr/en/hgdp/diversity.php/).

To place in the appropriate context the results of genetic studies, it is also useful
to remind that the fossil record shows clear evidence of an origin of anatomically
modern humans in Africa, some 200,000 years ago (Lahr and Foley 1994). This
human form dispersed from Africa, largely (Wolpoff et al. 2001; Relethford 2008)
or completely (Foley 1998; Tattersall 2009) replacing all pre-existing human forms
in Europe and Asia, respectively, Neandertals and Homo erectus, and possibly other
human forms we do not know, or do not have a name, yet (Krause et al. 2010). The
first paleontological or archaeological evidence of human presence in the Americas
(perhaps 15,000 years ago: Greenberg et al. 1986; Goebel et al. 2008) and Oceania
(starting perhaps 3,000 years ago: Terrell et al. 2001; Diamond and Bellwood 2003)
is relatively recent, whereas island Melanesia was reached relatively early
(40,000 years ago: O’Connell and Allen 2004).

6.4.1 Clinal Variation Is the Rule

Classical studies of allele frequencies in anthropological samples have shown that
a large share of human genetic variation is distributed in gradients over the geogra-
phical space (Menozzi et al. 1978; Sokal et al. 1990). These gradients are obvious,
broad and detectable for many loci in Europe and Asia (Barbujani and Pilastro 1993),
less so in the Americas (O’Rourke and Suarez 1985; Rothhammer et al. 1997) and
in Africa (Reed and Tishkoff 2006). At the DNA level, patterns inferred from the
Y-chromosome and autosomal polymorphisms are generally clinal, and hence simi-
lar to those identified for allele frequencies (Chikhi et al. 1998; Semino et al. 2000)
but those inferred from mtDNA are not (Simoni et al. 2000; Soares et al. 2010).
Not only allele frequencies, but indeed many indexes of genetic diversity form
similar, worldwide clines. In two studies of the same set of 783 STR loci from the
CEPH-HGD panel, geographic distances between populations were calculated
along obligate waypoints, representing plausible migration routes within land-
masses. In agreement with the hypothesis of repeated founder effects during dis-
persal from Africa into the rest of the world, measures of both genetic distance from
the African populations (Ramachandran et al. 2005) and of internal genetic diversity
(Liu et al. 2006) showed a strong correlation with geography. Ramachandran et al.
(2005) then went forward, assuming >4,200 possible places of origin of the African
expansion and testing how the correlation between genetic and geographic distances
changes depending on the origin of the expansion. The best fit was obtained for an
origin close to the gulf of Guinea, in an area where, however, data are missing.
An origin in Eastern or Southern Africa, followed by repeated founder effects, is
the most parsimonious hypothesis accounting for the distribution of skull shapes,
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for morphological diversity declines with distance from Africa, in parallel with
genetic diversity (Manica et al. 2007). Studies of 650,000 markers, SNPs in this
case, essentially confirmed these results (Biswas et al. 2009), and added to the
picture an increase of linkage disequilibrium in populations at increasing distances
from Africa (Li et al. 2008).

These extensive gradients have been compared with the pattern of neutral
genetic variation predicted by either isolation by distance, or by models incor-
porating founder effects (Hunley et al. 2009). The simulated scenario best repro-
ducing the observed diversity was one, in which populations went through a number
of fissions, bottlenecks and long-range migrations as new territories were colonised,
while exchanging migrants within limited distances.

In short, human genetic diversity seems shaped by phenomena occurring in
geographic space, i.e. demographic expansions. Many studies have highlighted
the effects of natural selection upon specific regions of the genome, and there is
no doubt that a fraction of human genome diversity does indeed reflect adaptation
(Sabeti et al. 2006; Harris and Meyer 2006). However, the patterns shown by
genome regions known to be subjected to selective pressures suggest that such
pressures are often weak, so much so that the geographic distribution of selected
alleles seems to basically reflect episodes in population history rather than selection
itself (Balaresque et al. 2007; Coop et al. 2009; Hofer et al. 2009). The genetic
exchanges occurred in the course of the frequent contacts have resulted in a smooth,
continuous variation of many genetic parameters. As a consequence, zones of sharp
genetic change are not the rule, but the exception; most human populations are not
surrounded by clear genetic boundaries. This is one reason why defining genetically
discrete groups in humans has proved so challenging.

6.4.2 A Recent Exit from Africa

Instead of inferring the place of origin of the human expansion from the data, Liu
et al. (2006) chose an arbitrary point in Ethiopia, and could thus estimate the likely
date of the earliest human dispersal from Africa. In practise, that was the date
maximising the overlap between observed and simulated genetic data, the latter
generated assuming that small groups of founders moved centrifugally from one
locality to the next and then grew in numbers, until the territory carrying capacity
was reached and another migratory step became necessary. The best fit was observed
for an expansion starting 56,000 years ago, from a founding population of ~1,000
effective individuals who grew rapidly in numbers each time new territory (and the
relative resources) became available. The main outliers, showing excess genetic
divergence, were populations of South America, known to have evolved in extreme
isolation, and therefore strongly subjected to drift (Rosenberg et al. 2002).
Estimates of the likely date of exit from Africa vary depending on the genetic
markers and populations considered, but seem to indicate a more recent time than
previously thought, between 65,000 (Macaulay et al. 2005) and 51,000 years ago
(Fagundes et al. 2007). An independent confirmation of this timescale comes from
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the study of a human parasite, the bacterium Helicobacter pylori, where the decline
of genetic diversity at increasing distances from Africa appears compatible with
a dispersal process starting 58,000 years ago (Linz et al. 2007).

Comparisons of the available data with those generated by simulation under
explicit demographic models clearly support a series of recent founder effects in
an expanding population over all alternative models (Fagundes et al. 2007;
Deshpande et al. 2009; Degiorgio et al. 2009). These studies also provide important
insight into the possible interactions between anatomically modern and anato-
mically archaic populations. Indeed, the genetic effects of admixture with the
genomes of anatomically archaic humans would have resulted in a very different
pattern of variation, incompatible in fact with the observed one (Degiorgio et al.
2009). Accordingly, even though it is impossible to rule out any degree of introgres-
sion from anatomically archaic humans into the modern gene pool (Relethford
2008), we can at least conclude that introgression, if any, was minimal. This view
is independently supported by the available ancient DNA evidence. Although, for
technical reasons, ancient sample sizes are small, and the markers essentially limited
to mitochondrial DNA, there is no evidence of a possible genealogical continuity
between Neandertals and modern Europeans (Currat and Excoffier 2004), whereas
sequences of anatomically modern Europeans who lived in temporal proximity to
the Neandertals, the Cro-Magnoid, fit well in the modern Europeans’ genealogy
(Belle et al. 2009). The first analysis of the Neandertal nuclear genome seems to
suggest that there was indeed some degree of gene flow from Neandertals into the
ancestors of modern Eurasian (but not African) people (Green et al. 2010), but
alternative explanations not involving admixture exist (see e.g. Ghirotto et al. 2011).

6.4.3 Africa Is Genetically Special

In a large study of genotypes, haplotypes and CNVs (525,910 SNPs and 396 CNV
sites), Jakobsson et al. (2008) asked which proportion of those polymorphisms are
shared in different continents. At the level of the individual SNPs, and correcting for
the different sample sizes, 81.2% of the SNPs appeared to be cosmopolitan, i.e.
present, at different frequencies, in all continents. Less than 1% were specific to
a single continent, and 0.06% were observed only in Eurasia, which was kept separate
from East Asia in these analyses. Things changed when alleles were combined in
haplotypes, but not radically so. The fraction of cosmopolitan haplotypes decreased to
12.4%, whereas 18% of the haplotypes appeared to be exclusively African. However,
once again continent-specific features were a minor fraction of the total, because
exclusively Eurasian, East Asian, American and Oceanian haplotypes summed up to
just 11% of the total. As for CNVs, there is a greater proportion of continent-specific
polymorphisms, although the high frequency of Eurasian CNVs (5.7%) raises the
doubt that there might be some bias in the selection of the polymorphisms.
Sequencing of long stretches of DNA in smaller samples had already suggested
that a large fraction of human haplotype blocks are either specifically African or
generically human (Gabriel et al. 2002), with very few features pointing to an Asian
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or European origin. A clear example of the implications of this extensive sharing of
polymorphisms across the world comes from comparisons of completely sequenced
genomes. Craig Venter’s (Levy et al. 2007) and James Watson’s (Wheeler et al.
2008) genomes share fewer SNPs, 461,000, than either of them shares with Seong-Jin
Kim’s (Ahn et al. 2009), respectively, 569,000 and 481,000. Clearly, these numbers
do not represent what we would observe, on average, in a broad comparison of
Korean and European people. However, they show that the large genetic variation
within populations causes some individuals of similar origin, Watson and Venter in
this case, to resemble each other less than each resembles some individuals from
another continent. Similarly, comparisons of complete sequences of the DNA coding
regions (exome) show that differences within Africa, and even within a single
population, the San, are often greater than those between people from different
continents; on average, two San differ for 1.2 nucleotides per kilobase, versus 1.0
per kilobase in comparisons of Asians and Europeans (Schuster et al. 2010).

Further details of human migrational history are going to emerge, as new data
are published and analysed. However, it is clear that Africa, and sub-Saharan Africa
in particular, represents the human biodiversity hotspot; differences within Africans
frequently exceed those between Africans and Eurasians (Yu et al. 2002). Going
back to the question of why human racial groups proved so hard to identify
genetically, there is little doubt that the demographic phenomena we could recon-
struct have little to do with the long-term isolation, necessary for populations to
diverge and form rather distinct gene pools.

6.4.4 Looking for the Main Human Groups

The statistical methods to describe population structure can be classed as either
model-based (Pritchard et al. 2000; Corander et al. 2004; Tang et al. 2005) or
model-free (Patterson et al. 2006; Reich et al. 2008). The most popular model-based
clustering procedure, structure (Pritchard et al. 2000), assigns genotypes to an
arbitrary number of clusters, k, attributing fractions of individual genotypes to
different clusters, if necessary. Independent analyses are carried out for different
k values, and results are compared across analyses. Conversely, model-free
approaches do not make any prior assumptions about the demographic model
under which populations evolved, and are often based on the transformation of
a number of correlated allele frequencies in a smaller number of uncorrelated
synthetic variables, or principal components (Patterson et al. 2006).

At least four model-based analyses of the global structure of the CEPH-HGDP
populations have been published, based on different combinations of markers,
starting from 377 STRs (Rosenberg et al. 2002) to 993 STRs (Rosenberg et al.
2005), 650,000 SNPs (Li et al. 2008), and 512,000 SNPs plus 396 CNV loci
(Jakobsson et al. 2008). All these studies revealed the existence of geographical
structuring at the continental level. Indeed, when forcing the number of clusters to
be five, genotypes of the same population tended to occur together, in clusters
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approximately corresponding to continental subdivisions, namely Africa, Eurasia
(i.e. the Middle-East together with Europe and Central/South Asia), East Asia,
Oceania and the Americas (Rosenberg et al. 2002, 2005; Li et al. 2008). On the
other hand, these studies differed as for the most likely number of clusters in the
data, between 2 and 7, and for the distribution of genotypes in the clusters (compare
Rosenberg et al. 2002 and Rosenberg et al. 2005). With k = 6, the sixth cluster
identified an Asian isolate, the Kalash (Rosenberg et al. 2002), or led to separate
two groups of American samples (Rosenberg et al. 2005), or to separate Central/
South Asia from Europe and the Middle-East (Li et al. 2008). Despite the abundant
evidence for an increased genetic diversity in Africa, all these studies assigned
Africans to a single cluster, which seems rather puzzling. However, the presence of
significant structure within Africa (as well as in the Americas), was detected in
a reanalysis of the Rosenberg et al. (2002) dataset by a model-free method looking
for geographical zones of increased genetic change (Barbujani and Belle 2006).
There are many other examples, but here, the point is that clustering is always
possible, but a general description of human population structure, largely indepen-
dent of the markers and samples chosen, has not been achieved so far.

One way to further investigate population structure is to focus on restricted areas
of the planet. When the Han Chinese population was compared with worldwide-
distributed samples, in two studies of >150,000 SNPs (Xu et al. 2009; Chen et al.
2009), the result was a rather trivial separation of three continental clusters. It was
only after removal of the non-Asian samples that differences between Japanese
and Chinese, and especially a latitudinal gradient within Chinese, were identified
(Fig. 6.2). Although nobody has located yet the lines separating the main human
groups, there are many subtle discontinuities caused by various types of barriers,
geographic as well as cultural, which are worth investigating.

6.4.5 Cultural Barriers and Genetic Diversity

When choosing a partner, humans do not tend to easily cross barriers, be they part
of their physical or cultural environment. Therefore, populations separated by such
barriers are somewhat reproductively isolated from each other. The genetic
consequences may be substantial. In Europe, for instance, linguistic boundaries
show increased rates of allele-frequency change (Sokal et al. 1988; Barbujani and
Sokal 1990; Calafell and Bertranpetit 1994), and several inheritable diseases differ,
in their incidence, between geographically close populations separated by language
barriers (de la Chapelle 1993). But language differences have even greater evolution-
ary significance, because a common language frequently reflects a recent common
origin, and a related language indicates a more remote common origin (Sokal
1988). Population admixture and linguistic assimilation should have weakened
the correspondence between genetic and linguistic diversity. The fact that such
patterns are, conversely, well correlated (Sokal 1988; Cavalli-Sforza et al. 1988;
Chen et al. 1995; Nettle and Harriss 2003; Hunley and Long 2005; Hunley et al.
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2007; Belle and Barbujani 2007; Tishkoff et al. 2009; Heyer et al. 2009; Bryc et al.
2010) suggests that often genetic and linguistic changes occurred in parallel.
Many kinds of cultural barriers have left a mark in the distribution of human
genome diversity; language differences are probably just more stable, and easier
to study, than religious and political barriers which may also have important
effects. India is a textbook example of how genetic stratification may arise in
response to social barriers. Significant differences among populations seem to
reflect, besides geography (Thanseem et al. 2006; Zerjal et al. 2007) and
language (Indian Genome Variation Consortium 2008), the different levels of
the caste system (Cordaux et al. 2004; Zerjal et al. 2007; Watkins et al. 2008;
Reich et al. 2009). To have an idea of the power of these effects, in Tamil Nadu
and Andhra Pradesh the differences between castes of the same region appear
seven- to eightfold as large as the differences between members of the same
caste, 500 km away (Watkins et al. 2008). Fragmentation along cultural,
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religious or social boundaries contributes to maintaining extensive variation
within limited geographical areas.

6.5 How Did All This Come About?

Figure 6.3 is an attempt to assemble a coherent, if admittedly oversimplified,
picture of human population history. Panel A represents the ancestral populations
when anatomically modern humans were restricted to Africa, some 100,000 years

Fig. 6.3 A schematic view of the evolution of human biodiversity. Dots of different colours
represent different genotypes. Approximate dates for the five panels (a, b) >60,000 years BP;
(c) 60,000 years BP; (d) 40,000 years BP; (e) 30,000 years BP. A broader set of images is available
at this site: http://web.unife.it/progetti/genetica/Guido/index.php?Ing=it&p=11. Reproduced with
permission, from Barbujani and Colonna (2010)
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ago; the different colours represent different genotypes. The rest of the world was
not devoid of humans; there were anatomically archaic people in Asia and Europe,
but it is unlikely that they have contributed to the modern gene pool, and in any case
that contribution must have been minimal (Foley 1998).

In panel B, we represent an expansion of the African population, which is
accompanied by the generation of new alleles by mutation. Humans could not
produce food at that time, and moved around looking for bearable living conditions.
In the course of their movements, some of them reached north Africa, and in this
scheme they were mostly carrying yellow and orange genotypes. When, around
60,000 years ago (Liu et al. 2006), these people crossed into Eurasia (here we did not
represent a possible Southern route of dispersal in the Arab peninsula, through the
horn of Africa: Macaulay et al. 2005), they entered a territory with greater resources
and low population density (panel C). The main consequence was an improvement
in living conditions, resulting in a demographic growth which, however, affected
only the descendents of the people who left Africa, here represented by yellow,
orange and green genotypes.

With time, the African emigrants’ descendents came to colonise the planet, and
all modern populations developed from these founders (panel D). Other mutations
occurred, both in Africa and outside. However, at the end of the major expansion
process (which was certainly accompanied and followed by other momentous
demographic changes) the African alleles had dispersed worldwide (Watkins et al.
2001). The pie diagrams in panel E are meant to represent variation at a typical
human locus, in which Africa shows a large number of alleles, both continent-
specific and cosmopolitan. By contrast, each of the gene pools of the non-African
populations is largely (although not exclusively) composed of a different subset of
African alleles, sometimes brought to high frequencies by genetic drift. By effect
of the repeated founder effects, the yellow genotype forms a West—East cline
encompassing all Eurasia, with maximal frequencies in China.

We are aware that the synthesis we operated is brutal. Yet, if this model is just
vaguely accurate, it explains why human alleles are basically either African or
cosmopolitan; why so many indexes of genetic diversity are associated with distance
from Africa; why human genetic diversity is largely clinal; and why it was, and still
is, impossible to define natural clusters of human genotypes.

Future challenges include the study of complex traits, and the identification of the
selective pressures that shaped variation at probably limited, but evolutionarily and
clinically significant, portions of the genome. We suspect that insisting on the racial
description of human biodiversity will not be very productive. Among Lewontin’s
critics, Edwards (2003) argued that by considering many loci at the same time one
could discriminate among groups that overlap when studied at the single gene level
(Witherspoon et al. 2007). In fact, the small variances observed between populations
imply that any clustering will be based on small genetic differences, but do not mean
that populations cannot be distinguished. However, the available evidence suggests
that even when investigated for thousands of markers, the differences between
populations and groups thereof are not only small, but also discordant across
different genome regions (Li et al. 2008; Jakobsson et al. 2008). It seems fair to
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conclude that a stable description of human population structure, independent of
the markers and samples chosen, has not emerged so far.

This may mean that we still need more markers, although recent analyses
already exploited almost one million variable DNA sites. Alternatively, it may be
that an elusive geographical structure, caused by the extensive genetic exchanges
occurred in the species’ history, is an important intrinsic feature of human bio-
diversity. Coming to terms with it may be an important starting point for a deeper
understanding of the processes that generated our biodiversity.
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Chapter 7
Mediterranean Peninsulas: The Evolution
of Hotspots

Godfrey M. Hewitt

Abstract The Mediterranean peninsulas contain much genetic and species diver-
sity, which decreases toward higher latitudes in Europe. In considering how such
diversity evolved, three areas of activity seem important — Paleogeology, Paleocli-
matology, and Phylogeography. The complex collision of the African and European
tectonic plates produced the very different peninsulas of Iberia, Italy, and the
Balkans. The climate cooled from 50 Mya with increasingly severe ice ages over
the last 2 My that repeatedly modified species distributions and hence species
evolution. As well as many endemic species, genetic methods show the peninsulas
to have distinct genotypes in many species, with various postglacial histories. Their
mountainous topography appears important for the survival of species through the
ice ages and previously. In Iberia, mountains are the focus for multiple refugia,
producing several diverged genetic lineages. Italy shows more recent subdivision
through multiple refugia, particularly in the south. The Balkans has many more
endemics, but fewer phylogeographic studies than other peninsulas. Multiple
refugia and a range of lineage ages indicate continuous divergence and speciation
over many millions of years to the present. The peninsulas are important as refugia
for the survival of species and engines of speciation.

7.1 Introduction

The Mediterranean peninsulas of Iberia, Italy, and the Balkans contain much genetic
and species diversity, with this generally decreasing toward higher latitudes in
Europe. Throughout history and particularly recently they have been subject to
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increasing human pressures, so that their biotas are now greatly challenged and they
are considered as important hotspots of biodiversity (Blondel and Aronson 1999;
Myers et al. 2000; Mittermeier et al. 2003). Such deliberations usually rely on
estimates of plant species diversity, since these are relatively well-known with
some 25,000 species described in the Mediterranean basin. Well-studied vertebrates
like reptiles show the same trend for southern species richness. But some groups
like mammals do not; here the greatest species richness is found from the south of
France across to southern Poland, probably as a reflection of the lifestyles that their
homothermy allows. Invertebrates are much less well-studied, but highly speciose,
with insects probably underestimated at some 150,000 Mediterranean species. They
too generally follow the trend of higher diversity in the south of Europe; where, for
example, recent studies indicate that the peninsulas are species rich for ants and
longhorn beetles (Schlick-Steiner et al. 2008; Baselga 2008). However, species
richness of butterflies although lowest in northern Europe, is highest in the Pyrenees,
Alps, and Balkan mountains (Hawkins and Porter 2003), whereas the distribution
for dragonflies is more similar to that for mammals (Keil et al. 2008).

There are a number of hypotheses for this general latitudinal cline in diversity
(Currie et al. 2004) that derive from the fundamental increase in energy input from
pole to equator and the distribution of habitats. The most favored of these argues that
species richness is determined by the energy available for photosynthesis, where
population density rises with more energy and thus extinction is lower. Another
argues that speciation is higher in the tropics because metabolism, mutation, and
reproduction are faster at higher temperatures. These models are essentially based
on the contemporary Holocene climate, even those involving evolutionary aspects,
and yet the climate has varied greatly through time, particularly over the last 2 My
through the Pleistocene ice ages, causing major shifts in species distributions
(Hewitt 1993, 2000). The genetic consequences of Quaternary climatic oscillations
have begun to be explored in the last decade, particularly for Europe, North
America, and Australia (Hewitt 1996, 2004a), and this indicates that for many
species genetic diversity has been lost as species colonized out from glacial refugia.
In Europe, this was largely northward from southern refugia. Furthermore these
refugial regions have apparently harbored populations of species through many
range expansions and contractions leading to their genetic divergence, accumulation
of lineages, and speciation. Recently the effects of these major Quaternary
fluctuations in climate have also been considered more fully in mainstream
hypotheses for geographical variation in species richness, and support for them
having a major role is growing (Dynesius and Jansson 2000; Montoya et al. 2007;
Svenning et al. 2009). They may in part explain the latitudinal clines in diversity.

Thus the high genetic and species diversity found in the Mediterranean
peninsulas is of considerable theoretic and conceptual importance, and it has
great conservation value as recognized by their hotspot status. Understanding
how such diversity evolved over time will allow for more informed decisions and
actions. In considering this, three areas of recent activity and progress seem
important — Paleogeology, Paleoclimatology, and Phylogeography.
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7.2 Palaeogeology of Mediterranean Region

The collision of the African and European tectonic plates, with the subsequent
complex structuring of the land and waters of the Mediterranean region from roughly
the beginning of the Cenozoic (65 My), produced land bridges, sea straits, and
ultimately the very different peninsulas of Iberia, Italy, and the Balkans (Fig. 7.1).

EUROPEAN

5 Mya Pliocene Present

Fig. 7.1 The geological evolution of Mediterranean Peninsulas. The thrusting of the African
and European tectonic plates from the Oligocene to the present indicating major faults, subduc-
tion and orogeny. An indication of probable land form and sea extent is shown (modified from
Carminati and Doglioni 2005; Jolivet et al. 2006). (a) The Oligocene shows the Fore- and Retro-
belts of subduction between the colliding plates, with the Pyrenees (P) largely formed, and
with only very early Alpine and Hellenic orogeny. (b) The Miocene shows well advanced
Alpine (A) and Hellenic (H) orogeny, with Carpathian (C) orogeny proceeding. There is
activity in the Betic-Rif region (1), the Apennines front has migrated eastwards from Iberia
taking proto-Sardinia and Corsica (2), the Dinaric-Hellenic Forebelt has bulged south-eastwards
(3), and the Carpathian front has migrated north-eastwards (4). (¢) There is further activity and
migration in all the four regions noted in the Miocene, and this shows the Mediterranean Sea
refilled after the Messinian Crisis when it largely dried up. The Alps, Dinaric (D) ands Pindus
(H) mountains are well established. The Atlas orogeny proceeds and the Betic-Rif region (1)
consolidates. The retraction of relic Tethys waters to the Black Sea opens proto-Balkans to
the north. (d) The Present shows further movements and orogeny with the completion of the
Italian Peninsula, and aggregation of Sicily in the Pleistocene. The Black Sea waters have
contracted further
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The leading edge of the African plate subducted under the European plate
breaking the edge into smaller microplates and land masses that moved in various
directions (Robertson and Grasso 1995; Carminati and Doglioni 2005; Jolivet
et al. 2006). The details of this tortuous and convoluted process are still much
debated and researched, but certain points seem particularly relevant for the evolu-
tion of the peninsular biotas. From its first formation in the late Eocene, the
Mediterranean Sea was open to the Atlantic, being cut off from the old Tethys Sea
to the east. The Iberian land mass is ancient and the Pyrenees arose early, their uplift
culminating in the Eocene. At this time there was significant Balkan and Hellenic
orogeny, with several ridges and submerged channels, and continuity with proto-
Turkey. However, the Alps were only just beginning to form as the submerged
Apulian plate thrust into Europe, with their orogeny climaxing in the Miocene
(~20 My). The Italian peninsula formed much later as a composite of Iberian,
African, and Hellenic components.

A number of other relevant changes occurred during the Oligocene and Miocene
(~34-6 My). In the west, sections of the Iberian plate swung across to the
Apennines, leaving Corsica, Sardinia, and the Balearic Islands in between. The
Sierra Nevada and Atlas ranges were forming, with the Betic-Rif land masses
moving about between Iberia and Africa (30-10 My) (Rosenbaum et al. 2002).
Through this time, Greece and the Balkans were largely connected to Turkey and it
in turn with Arabia (and hence ultimately Africa) and the Zargos and Caucasus
Mountains to the east. At the end of the Miocene (~6 My), the drift of Africa toward
Europe closed the western end of the Mediterranean, and without the influx of
Atlantic waters the basin largely dried up. This Messinian Salinity Crisis
(5.6-5.3 My), produced land connections between North Africa and Europe,
through both Iberia and components of proto-Italy. The Mediterranean refilled
around 5.33 My ago with the opening of the Straits of Gibraltar, which have not
been closed since (Duggen et al. 2003). With the filling of the Aegean Sea and the
large but reduced Black Sea to the north, Turkey became semi-detached from
Greece and the Balkans, and the rest of Europe. The Adriatic was large, continuing
well up the Po valley, and the various bits of Italy came together later in the
Pliocene. Indeed the several components of Calabria and Sicily have been uplifting
and joining in the Pleistocene (2 My) (Bonfiglio et al. 2002). The Iberian, Balkan,
and Italian peninsulas thus have different origins, ages, connections, and
components, and these factors need to be considered when thinking about the
evolution of their biota, be it individual species or whole groups.

7.3 Palaeoclimate Through the Cenozoic

The Cenozoic began with the K-T extinction event (65 My) when the number of
species was reduced drastically by perhaps 85%, with some groups faring worse
than others. Since then species richness has been increasing rapidly, particularly in
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Fig. 7.2 A time course of Mediterranean geological events and climate through the Cenozoic. The
climate cooled through the Cenozoic (as measured by Oxygen isotope changes — modified from
Zachos et al. 2008) with growth of Antarctic and Arctic ice sheets. Relevant events of mountain
orogeny, land drift and fusion are indicated (see text)

marine and terrestrial animals and is now higher than ever before. Recent work
indicates that the global climate warmed until the early Eocene (50 My) and since
then has been cooling, with some perturbations (Zachos et al. 2008) (Fig. 7.2). This
involved the formation and growth of Antarctic ice sheets from the late Eocene
(35 My), and following the mid-Miocene climatic optimum (10 My), Arctic ice
sheets grew from late Miocene (7 My). These latter became continuous and
extensive in the Pleistocene (2 My), which produced increasingly severe ice ages
that greatly modified species distributions many times (Hewitt 1993, 2000). These
major ice ages latterly (0.9 My) have a 100 ky periodicity that is driven by the
eccentricity of the earth’s orbit around the sun, one of the three Milankovitch
cycles. In the earlier Pleistocene and back into the Pliocene, they were less severe
and had a 41 ky periodicity that reflects the obliquity of the earth’s axis. Both the
degree of eccentricity and obliquity, along with that of the axis precession (23/19 ky
cycle) affect the insolation of the earth, and hence its climate. Such orbital
oscillations are fundamental and will have affected climate back through
time, with their effects transferred by ocean conveyors and modified by plate
tectonic changes. We know increasingly more about the Quaternary period (last
2 My) from advances in palaeoclimatology and palaeobiology, and there are some
interesting data and deductions about earlier periods. But more such study should
be encouraged in order to better understand the earlier evolution of species and
biotas.
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7.4 Quaternary Europe Species Ranges

Climate has been cooling through the Quaternary with marked oscillations, and we
have had some ten major ice ages with warm interglacials in the last 1 My. Within
these major cycles there have been many rapid changes of hundreds to a few
thousand years, so called millennial oscillations, that have been determined from
ice cores particularly and that can show great temperature amplitude. The extent of
glaciation varied somewhat with each ice age, and during the last glacial maximum
(LGM, 25-18 ky) Europe was covered with ice down to Norwich and Warsaw.
South of that was permafrost, tundra, and steppe. Europe has an excellent fossil
record from pollen, beetles, and bones and these show that during the glacial
maxima, species ranges contracted to southern parts, particularly the peninsulas,
from which they expanded postglacially to their present interglacial ranges (Bennett
1997; Williams et al. 1998; Hewitt 2000).

Conditions for most of today’s European species were at their worst during the
LGM and their ranges consequently maximally restricted. Just where these refugial
populations were in southern Europe depends on each species’ individual
adaptations and niche, and the distribution of their habitat. Species with more
temperate adaptations would have refugial ranges further south in general than
those more cold-hardy, whereas present day Arctic/Boreal species would have
survived closer to the ice (Hewitt 2004a, b). For example in small mammals,
species with southern and northern temperate species ranges might be the wood
mouse, Apodemus sylvaticus (Michaux et al. 2003) and the field vole, Microtus
agrestis (Jaarola and Searle 2002). Present day Alpine species probably had broader
distributions in nonglaciated regions around the mountains and beyond during such
cold periods (Schmitt and Hewitt 2004b). Clearly a good fossil record is important
in accurately determining the limits of refugial ranges with confidence, and suffi-
ciently detailed ones are not available (or even possible) for many species. The
network of pollen cores across Europe provides some of the best evidence for
reconstructing the distribution and movement of plant species, and hence the
vegetation changes through the ice age and after. This indicates that key temperate
species, like the oak, were present in the peninsulas during the LGM. But even
these, our best data, have problems of detail, in that in most cases they do not
absolutely prove that the species was present all the time in a particular location or
region. This can only be shown by analysis of serial-dated sections through the
LGM, as done for oak in Greece (Tzedakis et al. 2002, 2004). Given the repeated
and relatively severe climatic oscillations on the centennial-millennial scale during
the ice age, including in the LGM itself, it seems likely that populations in refugial
regions experienced considerable demographic changes, with many blinking on and
off. Many fossils of different ages from an area are needed to locate refugial regions
with confidence.

Recent detailed analysis of fossils that emphasizes accurate dating of the bones
of several mammal species through the last ice age shows how their ranges
changed, and particularly where they were during the LGM. Sufficient numbers
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of specimens were available for bears, hedgehogs, red deer, and roe deer (Sommer
and Benecke 2005; Sommer 2007; Sommer et al. 2008, 2009) to allow fairly
confident conclusions on the species’ major range changes in this time. For the
bears, fossils have so far been found only in Iberia and Moldovia during the LGM,
while for hedgehogs LGM fossils are in Iberia, Italy, and the Balkans. Interestingly,
this careful temporal analysis of the fossil record also shows that the bears
colonized northern Europe rapidly after the LGM in the warm Greenland Intersta-
dial (12.5-11 ky), whereas hedgehogs were much slower and mainly after the
Younger Dryas cold spell (11-10 ky). Red deer and roe deer were found in
the peninsulas and also southern France and Carpathians during the LGM, with
the postglacial expansion of the roe deer being more affected by the Younger Dryas.
Such spatially extensive and temporally accurate fossil data is needed for other
species, and is particularly valuable when combined with equally extensive and
well-analyzed genetic data, as may be seen in the above four examples.

The ranges of species across Europe would have contracted and expanded with
each major ice age and also with millennial oscillations, like the Younger Dryas,
within each ice age. Many species could respond quite rapidly, with the extent of
range change depending on the severity of the change in climate. Such repeated
range changes are an important feature of species evolution and are responsible for
moving and molding their genomes. Indeed this repeated demographic and geo-
graphic contraction and expansion is the norm, the shifting stage on which pro-
cesses of selection, adaptation, divergence, speciation, and extinction occur, and
is likely to affect genetic diversity today.

7.5 Phylogeography of Europe

In the last 2 decades, there have been great advances in genetic methods for
sequencing DNA and for describing and analyzing genetic variation and diversity
and this continues apace. They allow us to deduce genetic relationships in space and
time (Hewitt 2001). The field of Phylogeography, which seeks to understand the
causes of the geographical distribution of genealogical lineages, has burgeoned
since the advent of the polymerase chain reaction. This provides the ready ability to
determine chosen DNA sequences across an organism’s range and deduce their
history from the divergences they show. There has been an explosive growth of the
field (Avise 2009), and the number of publications is still accelerating. Web of
Science records 4,217 papers since 1987 under search for “Phylogeography.” Of
these 678 cited “Europe,” and of these 32 Greece, 53 Balkans, 81 Italy, 41 Iberia, 60
Spain, and 16 Portugal, with 268 citing “Refugia”. By 1998 — half-way to today
from the naming of the field in 1987 — there were just 23 for Europe (Comes and
Kadereit 1998; Taberlet et al. 1998; Hewitt 1998)! This earlier work necessarily
concerned few species, but pointed the way in describing postglacial colonization
routes for distinct genetic lineages from southern Europe to the north. It indicated
the importance of southern refugia and the Mediterranean peninsulas in particular.
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Since then many more species have been analyzed in detail — from the Arctic to
North Africa — with latterly a growing interest in Mediterranean regions.

Postglacial colonization routes from southern refugia have been deduced from
genetic data for many species and a variety of patterns are revealed (Hewitt 2004a;
Schmitt 2007). Those of the grasshopper, bear, hedgehog, chub, and marbled white
are considered as exemplars of distinct patterns with northward colonization
involving different combinations of refugia. Considerable genetic divergence is
found for most organisms among the peninsulas and often with regions to the east
including Turkey and the old Soviet Union. These refugial regions contributed
differently to the colonization of Europe for different species, with Balkan lineages
predominating in many of them, Iberia in a moderate number, and Italy in rather
few. This is probably due to the major mountain barrier to postglacial colonization
posed by the glaciated Alps and lesser one by the Pyrenees up to the Younger Dryas
and Holocene period. The lineages carried by such retarded organismal migrations
met those from other refugia that had expanded and filled the space, often with
the formation of hybrid zones (Hewitt 1996, 1998). The colonization of northern
European regions by species with lineages from different refugia has produced very
mixed biotas (Hewitt 2004a, b). For example, the UK has meadow grasshoppers
from the Balkans, hedgehogs and oaks from Iberia, and chub from the Black Sea
via the Danube; whereas Scandinavia has its grasshoppers from the Balkans,
hedgehogs from northern Italy, bears from Iberia and near the Caucasus, and
chub from a different Black Sea refugium via Russian rivers. This discovery has
significant implications for understanding adaptation, competition, coadaptation,
the rate of evolution, speciation, and conservation. It emphasizes the importance
of the peninsulas in preserving diversity and particularizes their contribution to
recolonizing the rest of Europe.

The extent of DNA divergence between lineages from different refugial regions
including the peninsulas varies, and is quite large for several species or sister
species. For example, the hedgehog (Erinaceus concolor) from the Balkans is
perhaps some 4 My diverged from Iberian and Italian stock (E. europaeus), whereas
the latter two are some 2 My apart (Seddon et al. 2001). Other species with such
Pliocene divergence are the toad Bombina, the newt Triturus, and the snake Natrix.
Many other species have peninsular divergences that would date from various times
in the Pleistocene, with some probably only one or two ice ages old (Table 7.1).
Such divergence is explained by species surviving in the southern refugia over
a number of ice ages and diverging. With each warming period some populations
would expand and colonize parts of Europe to the north, and with each cooling
these expansions would go extinct — the extent depending on the degree of climate
change. The southern parts of Europe including the peninsulas are mountainous and
the varied topography would have provided varied and suitable habitats for the
species to survive climatic oscillations by locally tracking their habitat (Hewitt
1996). Mountain regions in other parts of the world seem likely to serve a similar
function in preserving and generating diversity (Fjeldsa and Lovett 1997).

The earlier European phylogeographies also indicated considerable lineage
diversity within the peninsulas in several species, and suggested that with more
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Table 7.1 Genetic Age of Divergence among Mediterranean Peninsular Refugia for Widespread
Species

Organism Genetic markers Divergence Age Refugia Recent Reference

Cervus elaphus Mt-cytb/Dlp 1.4% 100 ky SB Skog et al. (2009)

Myotis myotis Mt-Dlp/STRs 2.2% 110 ky S @ (B) Ruedi et al. (2008)

Lepus europaeus ~ Mt-Dlp 239ky 128ky ?I(B)T Fickel et al. (2008)

Cinclus cinclus Mt-cytb/ND/CR 46-280 ky (Af) S/ B R* Hourlay et al. (2008)
<3.8%

Sorex araneus spp  Mt-cytbCO1/Y 0.1-2 My S@BCa Yannic et al. (2008)
Wabhlberg and Saccheri

Melitaea cinxia Mt-COl1 2-6% 1-3 My (Af)S B As (2007)
S* I*B*BS.
Emys orbicularis ~ Mt-cytb ~1% 1-5 My (Cas) Fritz et al. (2005)
Strix aluco Mt-CR2/ms 0.3-0.4 My S)DHB Brito (2007)
Capreolus
capreolus Mt-CR/ms 45-200 ky S* (1) B Royo et al. (2007)
Bombina bombina
spp Mt-cytb 1096bp 8-11% 1-5 My 1B CaBS Hofman et al. (2007)
Natrix maural 18% ~18 My (Af)S*?
tessellata Mt-cytb/ncISSR >2 My B*Cas*As Joger et al. (2007)
Crocidura Mt-cytb/nc
suaveolens 1797bp 0.06-1.7 My SIBT As Dubey et al. (2006)
3-7% Sommer and Benecke
Ursus arctos Mt-CR, fossils 03-08My S IBCa (2005)
Apodemus
sylvaticus Mt-cytb 1.5 My (AD) S (IB) Michaux et al. 2005
Apodemus
flavicollis Mt-cytb 0.4 My BR (1) Michaux et al. (2005)
Triturus vulgaris
ssp Mt-1800 bp 1.0-4.5 My (I) B* Ca (T) Babik et al. (2005)
Jaarola and Searle
Microtus agrestis ~ Mt-cytb 0.53% 50-83ky SIBCaR (2002)
Erinaceus
europaeus spp  Mt-cytb 6-12% 3-6 My S*I* B* (T) Seddon et al. (2002)
Arvicola terrestris  Mt-cytb 4-7.6%2-4My SIB Taberlet et al. (1998)
Chorthippus 0.8%
parallelus Mt 6.7 kb/nc 0.3-0.5My  (S*)(I) B* (T) Szymura et al. (1996)

Some show ancient divergences, but many are recent — a few ice ages or in the Pleistocene.
Probable LGM refugia are Af (Africa), S (Iberia), I (Italy), B (Balkan Peninsula), T (Turkey), Ca
(Carpathians), BS (Black Sea), Cas (Caspian), R (Russia — Caucasus to Urals), As (Asia — East of
Urals). Underlined refugia, S or B provided the major northern colonization, while refugia in
parentheses, (Af) (S) (I) (B) (T) did not apparently expand from the area. Refugia marked * show
evidence of multiple refugia, which also probably exist elsewhere

extensive sampling this might be shown to be a major widespread feature (Hewitt
1998). For example, DNA data from the meadow grasshopper Chorthippus
parallelus indicated several separate refugia within Iberia and other peninsulas,
but was not able to locate these more precisely (Hewitt 1996). The hedgehog
postglacial colonization of Europe involved several distinct lineages from each
peninsula, arguing for several separate refugia within each (Santucci et al. 1998;
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Seddon et al. 2001). Turkey also contains several lineages and therefore refugia, but
did not contribute to the recent European repopulation (Seddon et al. 2002). Since
such earlier suggestions of multiple refugia in southern Europe and within
the peninsulas there has been increased phylogeographic effort to illuminate this
significant biogeographic pattern. This has been most apparent in Iberia, and the
three Mediterranean peninsulas will be examined in turn.

7.6 Iberia: Refugia Within Refugia

The mountainous topography of Southern Europe appears important for the survival
of species through the ice ages, and previously in the Caenozoic following the
formation of individual ranges. We may envisage that populations would ascend and
descend, move up valleys and over ridges, onto nearby lowland and back, tracking
their shifting suitable habitat as temperature and humidity oscillated. This would
be possible within each dissected mountain block or local range. In Iberia this
structure with several mountain ranges is seen as the framework for multiple refugia,
producing several diverged genetic lineages. Many cases of species with distinct
geographic genetic lineages have been revealed recently across a range of animal
and plant groups, with several fine examples in amphibians and reptiles. An excel-
lent review (Gomez and Lunt 2007) collated and summarized this emerging infor-
mation, and more papers have appeared since (e.g., Paulo et al. 2008; Pinho et al.
2007a, b; 2008; Pico et al. 2008; Terrab et al. 2008; Guicking et al. 2008; Santos
et al. 2008, Lopez de Heredia et al. 2007; Rodriguez-Munoz et al. 2007;
Bella et al. 2007; Royo et al. 2007; Martinez-Solano et al. 2006; Rowe et al. 2006;
Kutnik et al. 2004; Michaux et al. 2003; Ibanez et al. 2006; Ortego et al. 2009). This
reveals that over 60 species have genetic lineage divergence indicating 2 or more
putative refugia within Iberia. Further possible examples exist in foxes, shrews,
snails, water voles, Pinus, Frangula, and other species, and we can expect many
more.

From these phylogeographic data there are regions where several species each
have a distinct local lineage, and such phylogeographic concordance indicates it as
a refugial region. There are seven main refugial areas recognized in Iberia for
largely terrestrial species (see map Gomez and Lunt 2007), the Betic ranges in the
south, Serra da Estrela in the west, Portugal north of the Mondego River, the Picos
de Europa, the Systema Central, the Pyrenees, and the Ebro Valley. These are also
regions of high-species endemism, as would be expected of long-term refugia that
allowed the survival and divergence of separate lineages to produce species. These
regions harbor many different species and a range of types of organism, which
means that a suitable range of habitats have probably existed somewhere within
them for millions of years and over many climatic changes. As mentioned, there are
many phylogeographic publications, but to illustrate the main points this article will
necessarily concentrate on some species that are well-sampled and have detailed
DNA sequence data. Others often support the conclusions.
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Considering amphibians and reptiles, these vary somewhat in their habitats from
more to less dependence on humidity, they are a feature of the Iberian biota and
a number of phylogeographies for species complexes have become available
recently. Interestingly these reveal the Betic ranges, Portugal, and the Systema
Central as common refugia and likely the theatre for much Pliocene and Pleistocene
evolution. The relatively high humidity of the Atlantic coast now and during the ice
ages would have favored species such as Discoglossus galganoi, Chioglossa
lusitanica, and even Lacerta schreiberi, whereas Salamandra salamandra is capa-
ble of a somewhat wider expansion, and more xeric lizards like Lacerta lepida and
Podarcis hispanica s.1. occupy all Iberia and into southern France and North Africa.
Fish have rather different habitat requirements from terrestrial animals, and perhaps
not surprisingly they show different refugial areas, with separate phylogeographic
lineages for the main river catchments; major ones like the Duero, Tago, Mira,
Adade, Guardiana, Guadalquivir, Ebro, Jucar, and several others are identified by
Gomez and Lunt (2007).

The phylogeographic data now becoming available for some species, particularly
as noted for amphibians and reptiles, allows us to address some more detailed and
intricate problems of refugial formation and functioning. While due care needs to be
taken when seeking to use the DNA divergence between lineages to date their
separation, the better phylogenies show reasonably clearly that several lineages
have diverged millions of years ago in the Pliocene or even Miocene. The shallower
parts of the trees shed light on the phylogeography through the Pleistocene and ice
ages, with the present-day distribution of genetic variation providing most insight
into the last ice age and postglacial events. Thus many species show some evidence
of postglacial population expansion from refugia, in the extent of the geographic
range of some clades and in their genetic diversity, phylogenies, and haplotype
networks. This is very clearly seen in studies on the following amphibians and
lizards Chioglossa lusitanica (Alexandrino et al. 2007; Sequeira et al. 2008),
Lacerta schreiberi (Paulo et al. 2001; Godinho et al. 2008), Salamandra salamandra
(Steinfartz et al. 2000; Garcia-Paris et al. 2003), Discoglossus galganoi, D .jeanneae
(Garcia-Paris and Jockusch 1999; Gomez and Lunt 2007), Lacerta lepida (Paulo
et al. 2008) and Podarcis hispanica (Pinho et al. 2008). In particular, the expansions
northward into NW Iberia of clades from refugia in northern Portugal and of other
clades across Iberia to the north east from southern and western refugia are well-
demonstrated. Detailed genetic data can allow a more precise location of glacial
refugia for individual clades, particularly when combined with fossil and pollen
data, and modeling of climatically induced range changes. Thus, from present data
the valleys of the Douro, Mondego, and Tagus rivers in Portugal are indicated as
likely candidates for several western-based clades and species.

As such diverged Iberian clades expand postglacially from their separate refugia
they are likely to form 