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Abstract There is a widespread belief that we are experiencing a mass extinction event
similar in severity to previous mass extinction events in the last 600 million years where up to
95% of species disappeared. This paper reviews evidence for current extinctions and different
methods of assessing extinction rates including species—area relationships and loss of tropical
forests, changing threat status of species, co-extinction rates and modelling the impact of
climate change. For 30 years some have suggested that extinctions through tropical forest
loss are occurring at a rate of up to 100 species a day and yet less than 1,200 extinctions have
been recorded in the last 400 years. Reasons for low number of identified global extinctions
are suggested here and include success in protecting many endangered species, poor moni-
toring of most of the rest of species and their level of threat, extinction debt where forests have
been lost but species still survive, that regrowth forests may be important in retaining ‘old
growth’ species, fewer co-extinctions of species than expected, and large differences in the
vulnerability of different taxa to extinction threats. More recently, others have suggested
similar rates of extinction to earlier estimates but with the key cause of extinction being
climate change, and in particular rising temperatures, rather than deforestation alone. Here I
suggest that climate change, rather than deforestation is likely to bring about such high levels
of extinction since the impacts of climate change are local to global and that climate change is
acting synergistically with a range of other threats to biodiversity including deforestation.

Keywords Extinction - Extinction crisis - Extinction rates - Red Data lists -
Threatened species
Introduction

That there is an on-going extinction crisis is widely accepted by scientists, government and
non-governmental organisations, the public and the media. Many suggest that the current
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extinction phase, frequently referred to as the ‘sixth mass extinction event’, is as extensive
and rapid as the five previous mass extinction events in the last 600 million years when 65—
95% of marine animals previously known from fossil records disappeared (Raup 1986). A
survey in 1998 suggested that 70% of biologists believe that during the next 30 years as
many as one-fifth of all species alive today are committed to extinction, and a third think as
many as half the species on Earth will die out in that time (AMNH 1998). There have been
a few who have challenged this view (Simon 1995; Lomborg 2001) and their arguments,
quite justifiably, have been dismissed as highly selective or unscientific (Pimm et al. 1995;
Pimm and Harvey 2001).

The media have a large influence on public opinion, particularly those outlets that are
respected for their journalism. For example, the influential magazine, Time, ran an article
in January 2000 entitled ‘Death Row’ which noted that surprisingly none of the 25 species
of primate that are on the verge of extinction had actually gone extinct in the last century. It
stated ‘As far as we know, no primate became extinct during the 20" century. That’s an
impressive record, since the world loses about 100 species a day’. Almost certainly the
latter statement reflects estimates of extinctions which derive from the species—area rela-
tionship and loss of tropical forests (e.g. Myers 1988; Wilson 1988) and these are discussed
later. In this paper I examine whether figures for extinctions reflect current evidence. I do
this by examining the data for recent extinctions and data on the number of all species on
Earth, different approaches to estimating extinction rates, and the evidence for differences
in the vulnerability of different groups to extinction. In this paper when I use the term
extinction 1 am specifically referring to global extinction unless otherwise stated. In this
respect, I argue that global extinction is currently less frequent than many reports indicate
and a greater problem is the loss of species at the local and regional level. Finally, I reflect
on current evidence that climate change and its interactions with other threats, rather than
forest loss alone, may indeed result in the levels of species loss this century that some had
previously predicted.

Current data for extinctions and the number of species on Earth

The actual number of species that are officially recognised as extinct since 1600, according
to IUCN (IUCN 2009) and other sources, is surprisingly low—around 1,200 species. It is
also important to recognise that the most recent 2009 TUCN list of extinct species is in
large part a list for 1959 since a species has traditionally only been recognised as ‘extinct’
when no living individual has been seen for 50 years. This has been changed with a small
number of species (n = 37) now recognised in a relatively new category of ‘extinct in the
wild’. There have been remarkable changes in the global environment over the last
50 years with large increases in rates of desertification, the loss of dry and moist tropical
forests, and increases in pollution (MEA 2005). Also the threat of extinction for whole
faunas and floras has only been measured for a few areas of the world, such as parts of
Europe, or globally for only a few groups of organisms such as terrestrial vertebrates,
swallowtail butterflies and other well-known animals and plants. Similarly, it is very
difficult to determine when the last individual of a species has died (Diamond 1987;
Ehrlich and Wilson 1991; Mawdsley and Stork 1995) and figures for recent extinctions are
inaccurate. Biologists are still discovering many new species, not all of which are small
and cryptic. For example, the large and distinctive Wollemi pine was found 100 km from
downtown Sydney (Jones et al. 1995). Even some large vertebrates remain to be described:
van Roosmalen et al. (2002) described the 37th and 38th new species of primates
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discovered since 1990. We should therefore not be surprised that the last remaining
individuals of many threatened species of these vertebrates are often impossible to observe
and monitor (Chades et al. 2008). For small vertebrates and invertebrates it is virtually
impossible to monitor the fate of such threatened species except where their distribution is
small and well-known.

A critical component in understanding the scale and impact of the ‘extinction crisis’ is
the knowledge of at least a ball park estimate of how many species there are on Earth and
how these species are distributed, group by group, and area by area. Only with that
knowledge can we start to understand the scale and extent of species extinctions and
translate extinction rates into real numbers of species extinctions and vice versa. Estimates
of the number of species on Earth escalated in the 1980s from 1-2 million to 30-100
million due to large increases in the number of species of several key taxa—principally
insects and their other arthropod relatives, and to a lesser extent, fungi and nematodes
(Erwin 1982; May 1988; Stork 1988). Even the number of species of vertebrates and higher
plants is uncertain since the use of DNA techniques suggest that the number of recognised
species might increase significantly. However, earlier estimates which suggest up to a
hundred-fold increase in the total number of species of insects (Erwin 1988), fungi
(Hawksworth 1991) or marine invertebrates (Grassle and Maciolek 1992) are disputed
(Stork 1988; May 1992) and have been replaced by estimates of 5—15 million species
(Hammond 1995; Stork 1997, 1999; May 1998; Novotny et al. 2002; Dirzo and Raven
2003). Recent use of uncertainty modelling with two models (Hamilton et al., submitted)
predict medians of 6.3 and 8.6 million arthropod species globally, with 90% confidence
intervals of 1.6-16.0 and 2.7-19.7 million. This analysis confirms the very low probability
of there being 30 million species of arthropods. The key implications of such estimates
with respect to the extinction debate arguably are (i) that arthropods may comprise 80—-90%
of all species of terrestrial macro-organisms and, (ii) that 85-95% of arthropods, inver-
tebrates and micro-organisms have yet to be named and described, and (iii) that most of
these are found in tropical forests. Finally, if the world is losing about 100 species a day, or
roughly 36,500 a year, the vast majority of these losses must come from the plants, fungi or
invertebrates, since there are arguably only about 45,000 vertebrate species on Earth
(Hammond 1992).

Estimates of extinction rates

The approaches to estimating extinction rates (Reid 1992; Stork 1997) can be grouped into
five categories: species—area based estimates, estimates from empirical data of known
extinctions, estimates from the use of Red Data lists, co-extinctions and lastly models of
the impact of climate change. These are discussed in more detail below and in Table 1.

Species area estimates

The earliest estimates of extinction rates variably suggesting the loss of 5-30% of all
species on Earth per decade (Lovejoy 1980; Ehrlich and Ehrlich 1981; Raven 1987; Myers
1988, 1993; Wilson 1988) were based on predictions of species loss from the clearing of
tropical forests calculated using species—area relationships. Where these estimates differed
is in the value of a key constant z (Reid 1992; Simberloff 1992). If some of these higher
estimates were true, then we should have already witnessed the extinction of up to 50% of
all species on Earth in the last 30 years. Wilson (1988) for example, extrapolating from
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species area estimates based on logging and forest loss, suggested that 17,500 species are
being lost each year based on a total of 5 million species of organisms. Many of these early
authors still consider that such extinction rate estimates are valid (e.g. Raven and McNeely
1998; Pimm and Raven 2000; Myers 2003; Dirzo and Raven 2003).

Further concern for the loss of species due to forest loss came from an analysis of the
impact of expansion of road networks and other infrastructure in the Amazon that sug-
gested as little as 40% might be unconverted forest by 2020 (Laurance et al. 2001) (but
note even the areas termed heavily degraded or deforested are still mostly covered with
forests—see also Chazdon et al. 2009 for discussion of regrowth forests). Hubbell et al.
(2008) estimated the number, relative abundance and range size of tree species in the
Brazilian Amazon using Hubbell’s neutral theory (Hubbell 2001) and then examined the
optimistic and pessimistic scenarios of Laurance and co-workers to estimate what pro-
portion of species may become extinct. They estimated that this area of the Amazon might
contain 11,210 species with 5,308 of these having less than 10,000 individuals each and as
such this group of species might suffer a 50% extinction rate under the pessimistic scenario
and as high as 37% under the optimistic scenario. These estimates have been criticised
(Feeley and Silman 2008) and an improved assessment of the extinction risks of Ama-
zonian plant species suggests that by 2050 land use change may result in 12-24% reduction
of forest habitat and that this may result in 5-9% species being committed to extinction
(Feeley and Silman 2009).

In contrast, Wright and Muller-Landau (2006a, b), examined United Nations human
population data to demonstrate slowing in population growth and population shifts from
rural to urban in tropical countries, globally. They suggested that deforestation pressures
might reduce and that secondary forests succession might speed up, both reducing the
extinction pressures on tropical forests. Their novel approach has reignited what had been a
stale argument and sparked new interest in the fate of tropical forest biodiversity (Brook
et al. 2006; Sloan 2007; Laurance 2007).

An inspection of Table 1 shows that over time, as data have become more available and
as methods of analyses have improved, the species—area based estimates have reduced very
considerably. Indeed if the Wright and Muller-Landau calculations are correct then there
may even be a recovery of some species rather than extinctions in the long-term. However,
the impacts of climate change are likely to more than counteract this trend as is discussed
below.

Estimating from empirical data of actual extinctions

The most compelling data for extinctions relate to those provided by Pimm et al. (2006)
and others for birds from oceanic islands and in particular the Hawaiian islands. Earlier
Pimm et al. (1995) suggested that 50% or more of bird species on many of the Pacific
islands including the Hawaiian islands, S.E. Polynesia, the Marianas, and New Caledonia
are missing, endangered, extinct or known from bones only. For the Hawaiian islands this
figure is closer to 90%. Much of the evidence for such high levels of extinction is from
recent fossil evidence which suggests that on these islands the wave of extinction has
largely taken place for birds, and in particular flightless birds, after the arrival of man over
the last 1,000 years. Steadman (1995) suggested that the Polynesians eliminated 2,000
species of flightless rails alone (see also Curnutt and Pimm 2001). Subsequently, Pimm
et al. (2006) suggested that, globally, recent extinction rates for birds are 100 times higher
than background rates and that by the end of the twenty-first century they will be 1,500
times higher than background rates. In practice, the extinction phase for birds of the Pacific
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Islands has largely taken place, mostly perhaps several hundred years ago (but note there
are still species of bird there on the brink of extinction). It is difficult to argue that such
extinctions from islands will be replicated on continental landmasses since bird commu-
nities there are of different taxa and vary considerably in their extinction vulnerability. In
remote island situations, whole biotas which have evolved from a low genetic stock
without invasive species for hundreds of thousands if not millions of years are extremely
vulnerable to human invasions and the threats that they bring.

Estimating from Red Lists of threatened species

A third approach to estimating extinctions rates by examining the changing threatened
status of a number of groups of animals and plants (Smith et al. 1993; Mace 1994,
Mawdsley and Stork 1995) provided an alternative to the species—area model that had
previously dominated the extinction rate debate (see Table 1). Smith et al. (1993) summed
the number of species added to the list of extinctions (as recorded on the World Conser-
vation Monitoring Centre’s database) for a 4-year period (1986—1990) for animals, and 2-
year period (1990-1992) for plants. With these data and the estimated number of species
worldwide for different taxa, they were able to calculate that the time required for 50% of
species to go extinct was 1,500 years for birds and 6,500 years for mammals. They also
estimated the net changes in the Red Data Book status of species (from rare, vulnerable,
endangered to probably extinct) and again estimated 50% extinction values with resulting
values of 350, 250 and 70 years for birds, mammals and palms—much lower than those
from their first method. A further method of estimating extinction rates by Mace (1994)
also used IUCN red list categories but involved species-by-species assessments of
extinction probabilities over time (Mace 1994). Her calculations, based on expected
extinction times for selected vertebrate taxa, suggested average extinction times of 100—
1,000 years or characteristically 300-400 years for 50% extinction of mammals and birds.
Although the way such lists are compiled means that their use in such extrapolations may
be questionable (Possingham et al. 2002) this work provides further demonstrations that
extinction rates vary considerably between different groups.

Smith and colleagues were unable to produce extinction estimates for less well-known
groups such as insects and other invertebrates because of the lack of adequate information
on their threatened status. However, Mawdsley and Stork (1995) suggested that one such
source of information was the Red Data Book status of British invertebrates (e.g. Shirt
1987; Batten and 1990; Bratton 1991). The British biota has been so well studied for so
many years that the threatened status of most groups is very well known. Mawdsley and
Stork noted that the percentages of threatened insects, molluscs and spiders were
remarkably similar and that these groups were 7.1 times less threatened than birds in
Britain. They argued that if this reflected a true difference in the vulnerability of birds to
invertebrates, we might be able to use this ‘relative extinction rate’ to determine how many
invertebrate species have gone globally extinct. Since 1% of birds and mammals have
become extinct since 1600, 1/7.1 = 0.14% of insects also may have become extinct in the
same period of time—equivalent to 7,000—14,000 species of insect, assuming a figures of
5-10 million insect species on Earth. Using the estimated 12-55 fold increase in extinction
rates of birds over the next 300 years (Smith et al. 1993) a further 100,000-500,000 species
of insect would also become extinct. Mawdsley and Stork (1995) also showed that since
0.7% of British insects have become extinct since 1600, a relative extinction rate with birds
of 7.1 would suggest that 5% or 11 British breeding birds should also have been lost. This
concurs with Sharrock (1974) who states that 11 species of bird have become extinct in
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Britain and Ireland with two later recolonizing. Attempts to re-examine the viability of the
‘relative extinction rate’ for other parts of the world have been thwarted by a lack of
consistency in the assessment of the threatened status of insects and other invertebrates in
different countries.

Estimating co-extinctions

The biologies of some species of organisms are so intimately connected with other host
species that the extinction of their hosts may lead to their own extinction. Such ‘co-
extinctions’ (Stork and Lyal 1993) are most likely to occur when species are highly host-
specific. Although no one has yet estimated precisely how many species are dependent on
other species, I would guess this to be possibly 30-40% of all species on Earth (but see
discussion by Fonseca, 2009). A number of authors have attempted to estimate the like-
lihood of extinction based on estimates of host-specificity variously focussing on insects
specific to plants and parasites of vertebrates (Koh et al. 2004; Dobson et al. 2008). Dobson
et al. (2008) estimate that there are 75,000-300,000 helminth species parasitising verte-
brates and that 3-5% is threatened with extinction in the next 50—100 years because of
their intimate relationships with threatened vertebrate species. These estimates suggest that
co-extinctions are likely to be in the tens of thousands in the next 100 years. Most recently
Fonseca (2009) has estimated that the 150,371 endemic plant species in the world’s 34
biodiversity hotspots may have an average of 5.3-10.6 monophagous insect hervbivore
species feeding on them or a total of 795,971-1,603,423 insect species. He estimates that
213,830-547,500 of these insect species are committed to extinction as their hosts become
extinct due to habitat loss. To some extent the co-extinction problem reflects the con-
nectedness of species and is a side issue from the main debate about the importance of the
key drivers of extinction—habitat loss and climate change.

Models of the impact of climate change

Another recent set of models have been developed to predict the impact of rising tem-
peratures on organisms (Williams et al. 2003; Thomas et al. 2004). Thomas et al. (2004)
looked at six biologically diverse regions around the world covering about 20% of the
Earth’s land area and modelled the future distributions of 1,103 species including plants,
mammals, birds, reptiles, frogs, butterflies and other invertebrates. Using three different
IPCC climate change scenarios they found that the 15-37% of these species could become
extinct by 2050. Their model is also based on the species—area relationship and the use of
this relationship is further critiqued by Lewis (2006) who suggests that these estimates
should be considered ‘first pass’ estimates requiring much greater refinement. The Thomas
et al. model and other models have been analysed by Botkin et al. (2008) who suggest how
to make such predictions more accurate and reliable. They and others (Willis et al. 2004;
Stork et al. 2009) also suggest that we should be making much greater use of the Qua-
ternary record where very few species appeared to go extinct as a consequence of large
changes in temperature. In summary, climate envelope models provide an upper limit on
the number of extinctions that might be possible rather than the number that might be
expected.

There has been considerable attention on the impact of rising temperatures on tropical
forest species particularly as poleward range shifts of equatorial species due to global
warming are unlikely given the prevailing narrow tropical temperature gradient today
(Wright et al. 2009). Upslope elevational range shifts in the tropics are perhaps more likely
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(Colwell et al. 2008) but some higher elevation species are likely to disappear as suitable
climatic conditions disappear (Williams et al. 2003). Poleward and elevational shifts of
tropical species may be hampered in anthropogenically modified and fragmented land-
scapes and by the lack of some key seed-dispersing animals previously lost through
overhunting.

Why predicted extinction rates do not match empirical data
Conservation efforts to protect species

There is no doubt that the massive conservation efforts in the last 50 years by governments
and non-governmental organisations to create protected areas and efforts to protect indi-
vidual species that are threatened has had a great impact on reducing what might have been
almost certain extinctions in many instances. The IUCN Red lists and Global Biodiversity
Hotspots, for example, are testament to these efforts.

Extinction debt-relaxation times

Many have observed that loss of forest on continental landmasses does not lead to
automatic widespread global extinction of species as predicted by the species—area
relationship (Heywood and Stuart 1992, but see Raven and McNeely 1998). For
example, there is little evidence so far for large scale extinctions following the massive
forest loss in the Atlantic forests in north-east Brazil (Brown and Brown 1992). This lack
of extinction in the Atlantic forests and elsewhere where there has been extensive forest
conversion may be due both to the often fragmented nature of this conversion, that it can
take many years for extinction inducing factors to take effect (Diamond 1972; Tilman
et al. 1994; Brooks and Balmford 1996; Brooks et al. 1999), that biodiversity hotspots
too have their own hotspots (Hugall et al. 2002; Carnaval et al. 2005) and that hotspots
of endemism do not necessarily coincide with hotspots of threat (Orme et al. 2005). This
phenomenon of higher species diversity for an area than one would predict following a
reduction in that area has been termed ‘relaxation time’ (Diamond 1972) or ‘extinction
debt’ (Tilman et al. 1994), as the species diversity returns to an equilibrium level that
reflects the balance between immigration rates and extinction rates. How long extinction
debt may exist after logging and fragmentation is still uncertain but empirical data from
Borneo show that regenerating previously selectively logged forests can remain habitat
for a range of vertebrate species that might have been considered highly threatened by
logging (Johns 1997; Meijaard et al. 2005).

The issue of how important secondary regrowth forests are in maintaining biodiversity
and species survival has become increasingly more important as half of all tropical forests
now fit that category (Chazdon et al. 2009). With the exception of a few comparative
studies (e.g. Lawton et al. 1998; Dunn 2004; Meijaard et al. 2005; Barlow et al. 2007), we
still have a poor understanding of what happens to biodiversity (insects, fungi and other
microorganisms, as well as birds and mammals) when areas are logged or how biodiversity
changes as forests regenerate after logging. A key question is just what proportion of ‘old
growth’ species is found in regrowth forests (Chazdon et al. 2009). Interpretation of the
results of existing studies have also been complicated because too often the different or
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compounding effects of aspects of forest fragmentation (e.g. edge effects, size of frag-
ments, degree of isolation, length of time of isolation) or forest disturbance (e.g. amount of
loss of vegetation cover, degree of soil compaction, degree of soil erosion, hydrological
effects, etc.) have not been measured, frequently because it has been difficult to do so.

Species are not equally prone to extinction

Some assume global extinction rates for birds and large mammals can be directly translated
to other organisms (e.g. Pimm and Brooks 2000; Pimm and Raven 2000) and yet there is
now a vast body of literature and other evidence from the IUCN lists of threatened species
which demonstrate that species and different groups of organisms are not all equally prone
to extinction. This also includes analysis of variously combined paleontological, phylo-
genetic, historical and ecological data (McKinney 1997; Purvis et al. 2008; Stork et al.
2009). Why some species are more vulnerable than others has been the subject of many
studies for different taxa (e.g. mammals and birds—Laurance 1991; Newmark 1991,
insects—Mawdsley and Stork 1995, and plants—Bradshaw et al. 2008; Sodhi et al. 2008).
In addition, the biotas of different parts of the Earth also vary in their vulnerability—a key
thesis of the biodiversity hotspots theory (Myers 1988; Myers et al. 2000; but see Manne
et al. 1999). As discussed previously, the majority of all recorded extinctions are from
islands where their biotas have often evolved from a small gene pool and have suffered
from human-related impacts such as hunting or over-extraction, land-use change or
invasive organisms. Such impacts on these narrowly distributed species have resulted in
the loss of all populations simultaneously with the consequent loss of such species. Species
on continental islands, such as mountain tops, are similarly prone to such threats because of
their small size (Manne et al. 1999).

Concluding remarks

So what can we conclude about extinction rates? First, less than 1% of all organisms are
recorded to have become extinct in the last few centuries and there are almost no empirical
data to support estimates of current extinctions of 100 or even one species a day. Second,
the most frequently used predictions for global extinction rates are still largely based on the
species—area relationship and the fact that large areas of forests (in particular) are being
converted. As Lewis (2006) suggested these and the first models of the impacts of climate
change on biodiversity, are first passes with subsequent more sophisticated analyses fre-
quently reducing first estimates of extinction rates (see Table 1). With the increasing
evidence that some species appear to survive in regrowth forests (Chazdon et al. 2009) the
key question is how long are the time lags to extinction for those remaining species which
are unable to survive in regrowth or fragmented forests? Third, the evidence is so over-
whelming that extinction threats vary for different groups of organisms and different
faunas and floras that it is surprising that there are still some who seek to draw conclusions
on global extinction rates for all organisms based on the knowledge of just a few very
highly threatened groups.

Are estimates of extinction rates useful? Yes I believe so but we should consider some
of the highest and ‘first pass’ estimates as upper boundaries rather than real estimates since
the assumptions that are made are often unrealistic and require much further modification.
However, in spite of the ‘first pass’ nature of the climate change models and their frequent
dependence on the assumptions of the species—area relationship, the pervading global
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nature of such temperature increases seems more threatening than any previous threat.
There is also growing evidence that many threats are acting synergistically (Brook et al.
2008; Stork et al. 2009, Supplementary data). Most notably synergistic interactions have
been recognised between climate change and all other identified threats (Stork et al. 2009).
How such synergies may accelerate species loss is as yet largely unknown although there is
some experimental evidence indicating rapid acceleration. Habitat fragmentation and
overharvesting combined with experimental warming in rotifer zooplankton resulted in
population declines up to 50 times greater combined than when acting on their own (Mora
et al. 2007). As Brook (2008) has noted, the potential synergies between species invasion
and climate change is one of the prime examples of the type of non-linear, mutually
reinforcing ecological responses driving ecosystem change and there are few case studies
upon which to base projections for the future.

In contrast to the lack of evidence for mass global extinctions, there is considerable
evidence for widespread loss of species at the local and regional level and I suggest that
and the consequences of such losses on ecosystem function should be key foci for future
research. The loss of this biodiversity, and in particular the loss of the tropical forest
megafauna, affects the future regeneration of some key tropical forest plant species. As a
consequence, we are now witnessing a massive change in floral composition and the
dynamics of many tropical forests around the world (Wright et al. 2007; Wang et al. 2007,
Muller-Landau 2007). Corlett (2007), for example, has found that massive range con-
tractions of many of the typical megafauna species in South-East Asian forests including,
for example, the Asian elephant, the tiger and the orangutans, mean that less than 2% of
this region has an intact or near complete megafauna. Virtually all of these species are still
globally extant but their regional contribution to ecosystems has been vastly reduced
because of local extinctions.

What can be done to improve our monitoring of extinction beyond the work of IUCN
and the Red Data lists? Museums, botanical gardens and other repositories of natural
history can play a vital role since their collections provide a historical record of what was
found at a particular location. Theoretically we should be able to resurvey some of these
locations to determine what has not disappeared and therefore to measure local extinction.
One example is the assessments of the species that have gone extinct in Singapore (Brook
et al. 2003; Lane et al. 2006). A rapid survey of the largest museums and botanical gardens
to identify those species that are most likely to be threatened or are already extinct would
be relatively easy to achieve and yet would advance our knowledge of the threatened status
of life on Earth enormously.
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