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Abstract

Measures of current extinction risk imply that a high proportion of the world’s
species are threatened with global extinction in the near future, stressing the need
for thorough understanding of extinction processes. In this thesis, I investigate
three aspects of current global species extinction risk, using novel phylogenetic
and spatially-explicit comparative methods. First, I develop a new measure of the
phylogenetic-signal strength in extinction risk, and use it to show that the non-
randomness in global mammalian extinction risk differs with threatening
processes. These results imply that the biological traits which increase species’

susceptibility depend on the anthropogenic threat experienced.

Secondly, I investigate the focus of current extinction risk, both spatially and in
terms of biological traits increasing risk. I model regional extinction-risk
correlates for mammals across the globe, finding strong geographical variation in
the influence of biological traits on risk, and in trait interactions with
anthropogenic impacts. I also compare biological and anthropogenic correlates of
global extinction risk across and within mammals, birds and frogs. Results from
this large-scale comparative study further confirm the strong heterogeneity of
extinction processes, with taxon-specific traits playing a relatively large role in

determining species’ fates.

Finally, I estimate possible impacts of current extinction risk using three measures
of global mammalian diversity: species richness, phylogenetic diversity and
functional diversity. My results show that selective losses of large species will
deplete functional variety in mammals, especially in the tropics. Loss of
functional diversity is much higher than expected under random species loss, and
there is low congruence with losses of species richness and phylogenetic diversity.
The selectivity of current extinction risk means that we stand to lose a very biased
sample of global diversity, with potentially severe consequences for ecosystem

functioning.
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Chapter 1: Introduction

The current extinction crisis

There is now little doubt that many populations worldwide are declining or going
extinct, causing many species to be threatened with global extinction (Loh ef al.
2005, Collen et al. 2009). Most of the recent and ongoing population declines and
species extinctions have anthropogenic causes (Baillie et al. 2004, Mace et al.
2005). Although direct comparisons are hard to make and quite crude, vertebrate
extinction rates over the last hundred years have been 20 to 200 times higher than
the background extinction rates estimated from the fossil record (May et al. 1995,
Pimm et al. 1995). Projected impacts of current extinction drivers indicate future
extinction rates 1,000 to 10,000 times higher than the fossil background rate
(Pimm et al. 1995, Mace et al. 2005). Due to the global demands of a growing
human population, the current extinction crisis looks set to extinguish large
numbers of species and dramatically change current ecosystems (Millennium

Ecosystem Assessment 2005).

According to the [IUCN Red List of Threatened Species, 22% of evaluated
vertebrates and 41% of evaluated invertebrates are currently threatened by
extinction (IUCN 2008). These numbers may overestimate risk prevalence,
because in most taxonomic groups extinction risk has only been assessed for a
small proportion of the species known to exist. However, the risk-status of some
well-known vertebrate groups has been evaluated completely: 21% of mammal,
12% of bird and 31% of amphibian species are currently listed as threatened with
extinction, a total of 4268 threatened species just in these three taxa. Even for
these well-known groups, the true extinction risk may be higher: 15% of
mammals, 1% of birds and 25% of amphibians are classified as Data Deficient,

because insufficient data are available to evaluate their risk status.
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The aim of conservation science is to counter this threat of an imminent mass
extinction as cost-effectively as possible. To do this, we need to understand what
drives species to extinction and why different taxa are not equally susceptible to
different threats. The scale of the current extinction crisis is such that global
approaches are needed both to understand the complex patterns of extinction risk
and to counter them. While species extinction risk is based on population
dynamics, the study of population extinctions is necessarily often local and
species-specific; also, local population extinctions may be reversible, but a
species’ global extinction is not. I therefore concentrate on investigating global

species extinction risk, rather than population dynamics, in this thesis.

Studying current extinction risk differs from the study of past extinctions. Current
extinction processes are probably different from those recorded in the fossil
record, as the ultimate causes differ (Purvis 2008); also, timescales today may be
shorter and estimated extinction rates higher (Pimm et al. 1995, Mace et al. 2005).
On geological timescales, humans pose a truly new threat, and even their
involvement in Pleistocene extinctions (approximately 50,000 to 12,000 years
ago) is much debated (Burney and Flannery 2005, Wroe ef al. 2006). Records of
historical extinctions are biased both taxonomically and spatially, and are hard to
compare to present-day extinction-risk patterns (May et al. 1995). Available data
show that the current threats differ, with widespread habitat loss across whole
continents replacing introduced species on oceanic islands as the main threat, at
least for birds and mammals (Mace and Balmford 2000, Bennett and Owens 2002,
Blackburn et al. 2004).

All these reasons imply that, to understand current extinction processes, we need
to study current global extinction risk rather than past extinction patterns or
population extinctions. Comparative analyses across species are a powerful
approach for investigating global large-scale patterns, and disentangling extrinsic
and intrinsic contributions to species extinction risk (Harvey and Pagel 1991,
Fisher and Owens 2004). In this thesis, I investigate the complex patterns of

current, global species extinction risk for some well-known vertebrate taxa with
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phylogenetic and spatially-explicit comparative methods, to improve

understanding of the extinction process at the species scale.

Phylogenetic and spatial patterns of extinction risk

Comprehensive global maps of threatened species richness only exist for a few
taxa, with patterns for mammals, birds and amphibians being the most well-
known (Baillie et al. 2004). High numbers of threatened mammal, bird and
amphibian species are found in East Africa, Madagascar, the Indian Western
Ghats and Borneo, but the overall congruence of the spatial threat pattern is quite
low in these three groups (Grenyer ef al. 2006). Threatened mammals are most
concentrated in the African Eastern Arc and South-East Asia, and occur
throughout much of sub-Saharan Africa (Schipper et al. 2008, see also Fig. 3-1a),
while threatened birds occur mostly in the Andes, the Brazilian Atlantic
Rainforest, and the Eastern Himalayas, as well as on tropical islands (Orme ef al.
2005, Ceballos and Ehrlich 2006). Threatened amphibians are concentrated in
Central America, the Andes, Caribbean, Brazilian Atlantic Rainforest, Cameroon,

southern India and Sri Lanka (Stuart ez al. 2004).

As some areas clearly contain more threatened species than others, extinction risk
is non-randomly distributed across the globe. This could be caused by regional
variation in threat types and intensity, but also by species-richness patterns and
species traits. Threats or extrinsic factors driving species to extinction today are
omerwhelmingly anthropogenic, the main global ones being habitat loss,
overexploitation, invasive species, infectious diseases, pollution and climate
change (Baillie et al. 2004, Mace et al. 2005). The low congruence of spatial risk
patterns between taxa implies that spatial threat patterns alone cannot account for
the regional variation seen in extinction risk (Grenyer ef al. 2006). Differences in
the spatial distribution of species richness between taxa play a role, but there is

low global congruence between threatened and total species richness within taxa,
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implying that differences in susceptibility exist (Orme ef al. 2005, Ceballos and
Ehrlich 2006, Grenyer et al. 2006).

Another way of estimating susceptibility to anthropogenic threats is to investigate
phylogenetic patterns in extinction risk. Globally or within regions, threatened
taxa are often more closely related than expected if extinction was
phylogenetically random (Bennett and Owens 1997, Russell et al. 1998, Purvis et
al. 2000a, Lockwood et al. 2002, Stuart et al. 2004, Bielby et al. 2006). This
phylogenetic or taxonomic non-randomness in extinction risk means that some
taxa are disproportionately threatened: for example, of the species-rich
mammalian orders, artiodactyls, perissodactyls and primates have significantly
higher proportions of threatened species than expected under a phylogenetically
random extinction scenario, whereas rodents have a much lower proportion of

threatened species than expected (Mace and Balmford 2000).

Taxonomic extinction selectivity has long been known from the fossil record
(McKinney 1997), and palacontologists have phrased the possible reasons as “bad
genes or bad luck” (Raup 1993): are at-risk species intrinsically more susceptible
due to evolved traits shared by close relatives (“bad genes”), or do they just live in
highly threatened environments (“bad luck’)? For current extinction risk, some
evidence against the bad-luck hypothesis or field-of-bullets scenario, where
species go extinct independently of their biology, is provided by the contrasting
spatial patterns of extinction risk in different clades described above. Stronger
evidence is provided by the phylogenetic or taxonomic selectivity of extinction
risk, especially if found at small spatial scales (Davies et al. 2008, see Appendix

A).

Many previous studies have focused on testing for significant selectivity in
extinction risk, but the strength of its phylogenetic signal has not been
investigated much, probably because measures of signal strength such as the
amount of threatened evolutionary history are not comparable across different

phylogenies (Purvis ef al. 2000a). However, phylogenetic-signal strength of
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overall extinction risk and different threat types can give a good indication of the
kind of species’ traits that increase susceptibility, and so provide valuable
information about the extinction process. In chapter 2, I propose a new measure
for phylogenetic-signal strength in binary traits such as threatened vs. non-
threatened, and apply it to global patterns of extinction risk in mammals. I
investigate the magnitude of phylogenetic selectivity in extinction risk for all
known mammals on a global scale, and my study is the first to tease apart

phylogenetic signal in different threats such as habitat loss and harvesting.

Correlates of extinction risk

The spatial and phylogenetic patterns of extinction risk strongly imply that both
anthropogenic threats and biological susceptibility play a role in determining
species’ fates. This has led to many studies investigating which biological traits
(intrinsic factors) and measures of anthropogenic impact (extrinsic factors)
influence extinction risk (see Fisher and Owens 2004, Purvis 2008 for recent
reviews). The species trait which most consistently predicts extinction risk is
geographic range size, because small-ranged species have decreased chances of
evading local threats (e.g. Purvis et al. 2000b, Cooper et al. 2008). Similarly, low
population density serves to make species more susceptible to demographic
stochasticity (Pimm et al. 1988). In birds, population sizes of threatened species
correlate positively with geographic range size, indicating that it may be difficult

to separate their effects on extinction risk (Blackburn and Gaston 2002).

Another commonly-cited intrinsic correlate of extinction risk is body size,
because larger species are preferentially hunted by humans (Bodmer et al. 1997,
Fa et al. 2005). Also, larger species often have larger home ranges, so are more
likely to encounter threats (Harcourt 1998, Woodroffe and Ginsberg 1998,
Brashares 2003). Evidence for body size as a correlate of extinction risk is mixed;

global bird and regional mammalian studies suggest that large body size may have
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an impact if species are at risk due to direct persecution or introduced species, but
not if they are threatened by habitat loss (Owens and Bennett 2000, Cardillo and
Bromham 2001, Norris and Harper 2004, Collen et al. 20006).

However, the strong relationships between body size and life-history traits
complicate the interpretation of these results (Gaston and Blackburn 1995,
Cardillo 2003). Generally, larger species tend to reproduce more slowly (Western
1979), making them more susceptible because their recruitment cannot keep up
with high mortality rates imposed by anthropogenic threats (Pimm ez al. 1988).
For example, body size does not directly correlate with extinction risk in
artiodactyls threatened by hunting, but weaning age does (Price and Gittleman
2007). Globally, mammalian body size interacts with many other extinction risk
correlates; the impacts of intrinsic and extrinsic threat correlates are higher for
large-bodied mammals, with species vulnerability arising from life-history traits
not scaling simply with body size (Cardillo et al. 2005). Correlations of extinction
risk with fecundity measures also vary in carnivores with different levels of
human population density in their range, and differ with threat type in birds
(Owens and Bennett 2000, Cardillo ef al. 2004). Generally, the impact of
fecundity seems to be dependent on other biological traits, as well as on the nature

and extent of external threats.

From most studies, small geographic range size, large body size and slow life
history or low fecundity emerge as the main biological correlates of high
extinction risk. There are many additional hypotheses, most with mixed support in
different taxa: high habitat specialisation (Owens and Bennett 2000, Johnson et al.
2002, Fisher et al. 2003, Jones et al. 2003, Gage et al. 2004, Safi and Kerth 2004,
Cooper et al. 2008); high trophic level (Purvis et al. 2000b, Carbone and
Gittleman 2002, Fisher et al. 2003, Cardillo et al. 2004, Collen et al. 2006); island
endemism (Gaston and Blackburn 1995, Manne et al. 1999, Jones et al. 2003);
large home-range size or dispersal distance in mammals, and migratory status in

birds (Brashares 2003, Collen et al. 2006, Thomas et al. 2006); and social
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structure, e.g. social group size, mating system or sexual selection (Purvis ef al.

2000b, Brashares 2003, Jones et al. 2003, Morrow and Pitcher 2003).

Many of these biological correlates of extinction risk seem to be scale-dependent,
so that results of local or regional studies differ from the global scale (Fisher and
Owens 2004, Purvis et al. 2005, Cardillo et al. 2008). This scale-dependence is
also important for extrinsic threats correlating with extinction risk, e.g. human
population density (Davies et al. 2006, Luck 2007). Additionally, anthropogenic
threats and biological traits interact to determine species’ extinction risk:
biological correlates of extinction risk differ with the prevalent threat type and the
magnitude of threat (Owens and Bennett 2000, Isaac and Cowlishaw 2004, Price
and Gittleman 2007). In order to disentangle trait-threat interactions at different
scales, I use a global mammalian dataset and a newly-updated species-level
phylogeny in chapter 3 to model the influence of the main biological traits on
extinction risk with phylogenetic comparative methods, globally and at a regional
scale across the world. Additionally, I then analyse how current and
anthropogenic impacts throughout the past 300 years relate to the influence of

biological traits on risk using global, spatially-explicit models.

The analyses in chapter 3 provide a detailed picture of how anthropogenic threats
and biological traits have shaped current mammalian extinction risk, focusing on
that single taxon. Similarly, previous studies of extinction-risk correlates have
concentrated on one clade or region and, due to the different methods employed,
most studies are not directly comparable. For example, global studies on birds
have used families as taxonomic units (Owens and Bennett 2000, Norris and
Harper 2004), but mammal and amphibian studies have almost exclusively been at
the species level (e.g. Purvis et al. 2000b, Cardillo et al. 2008, Cooper et al. 2008,
Sodhi et al. 2008). While many extinction processes may be taxon-specific, global
declines across virtually all taxa imply that the anthropogenic impacts acting

globally produce some common patterns (Thomas et al. 2004, Collen et al. 2009).
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Therefore, chapter 4 contains a global, phylogenetic comparative analysis of
intrinsic and extrinsic correlates of extinction risk within and across three major
vertebrate taxa: mammals, birds and frogs. I compile a family-level composite
phylogeny and a dataset on geography, ecology and life-history for these three
groups, and then use the same models for each taxon to make direct comparisons
possible, but also model the influence of some taxon-specific variables. The
analyses in chapters 3 and 4 therefore provide novel information about the focus
of the current extinction crisis: which biological traits increase risk of extinction
for a (terrestrial vertebrate) species, where in the world species exhibit those traits,
and how trait effects are themselves determined by different anthropogenic

threats.

Future impacts of current extinction risk

Knowledge about which biological traits affect extinction risk and how these are
influenced by different anthropogenic threats is valuable for predicting the
impacts the current extinction crisis might have if currently threatened species do
indeed vanish or decline. The identification of species attributes which are
associated with high extinction risk could enable us to predict future human
impacts (Sala et al. 2000), as well as highlight susceptible species that are
currently not experiencing high threat levels (Cardillo et al. 2006, Bielby et al.
2008, Corey and Waite 2008). A different way of predicting future patterns of
diversity is to look at which biological traits we stand to lose if threatened species
went extinct: the phylogenetic non-randomness of extinction risk indicates that a
greater variety of traits may be lost with currently threatened species than
expected if species extinctions were random (McKinney 1997, Purvis et al.
2000a). Since species fulfil different functions in ecosystems depending on their
traits, the loss of large amounts of functional-trait diversity may have catastrophic
consequences for ecosystem functioning, depending on species irreplaceability

(Millennium Ecosystem Assessment 2005). In order to predict future ecosystem
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stability, we need to know more about the ecosystem roles of threatened species,

and which functions may be lost if currently-threatened species went extinct.

Previous studies have used the amount of evolutionary history that an area or a
clade stands to lose as a measure of the trait variation that will be lost, which in
turn is thought to reflect functional diversity and may allow conclusions about
future ecosystem functioning to be drawn (Vane-Wright et al. 1991, Faith 1992,
Forest et al. 2007). A large body of literature exists on biodiversity effects on
ecosystem functioning, and the emerging consensus is that losses of species
richness do not directly and linearly predict loss of functional diversity because of
widespread species redundancy (Gross and Cardinale 2005, Hooper et al. 2005).
Additionally, there is some evidence that the amount of shared evolutionary
history among threatened species may not correlate well with their functional

diversity (Jernvall and Wright 1998).

For these reasons, I investigate in chapter 5 how much functional diversity is at
risk with currently threatened mammalian species, using the body mass variance
within WWF ecoregions as a simple measure of functional variety in large-scale
ecosystems. I then compare expected species-richness losses with the threatened
amounts of evolutionary history and functional diversity, and also assess the non-
randomness of diversity reductions using within-ecoregion simulations of
phylogenetically random species loss. This last analytical chapter of my thesis
therefore uses mammals as a model system to assess possible impacts of the
current extinction crisis, both in terms of absolute loss of species numbers and

possible deterioration of ecosystem functioning.

Measuring and analysing extinction risk

Throughout my thesis, I use classifications from the global [IUCN Red List of
Threatened Species (IUCN 2007/2008) as estimates of species extinction risk. The
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taxa analysed in this thesis, i.e. mammals, birds and frogs, have been completely
assessed, so that bias in knowledge of risk status is much reduced (Rodrigues et
al. 2006). Assessments for the Red List are made using five quantitative criteria
that constitute a set of alternative symptoms of extinction risk (Mace and Lande
1991, IUCN 2001). Species with insufficient data to assign to a risk category are
designated as Data Deficient. Each species with sufficient data is evaluated for
population reduction (criterion A), small geographic range size and decline
(criterion B), small population size and decline (criterion C) and very small or
restricted population (criterion D); predictions from a quantitative analysis
regarding the time to extinction in the wild can be taken into account with
criterion E. Species are evaluated under all criteria for which data are available,
and are assigned the highest threatened category they qualify for under any of the
criteria (Vulnerable, Endangered or Critically Endangered, [IUCN 2001).

Criteria were devised from population dynamic principles (Mace and Lande
1991), so that listing species under any criterion for one of the threatened
categories would be a probabilistic assessment of the time to extinction as
follows: Vulnerable, over 50% chance of extinction within 10 years or three
generations (maximum of 100 years); Endangered, over 20% chance of extinction
within 20 years or five generations (maximum of 100 years); Critically
Endangered, over 10% chance of extinction within 100 years (IUCN 2001).
However, these estimates are crude generalisations, as any detailed prediction
should involve species-specific parameters such as generation length (Mace
1995). In reality, timescales to extinction are likely to be longer than the estimates
above (Mace 1995, Redding and Mooers 2006). If species nearly fulfil any of the
quantitative criteria, they can be classified as Near Threatened, whereas species
not qualifying under any criterion are ranked as Least Concern. Finally, the IUCN
Red List distinguishes between species that are Extinct in the Wild and species

that are Extinct.

Because it consistently applies quantitative criteria to assess global species

extinction risk, the IUCN Red List is the best available dataset of extinction-risk
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estimates (Rodrigues et al. 2006, Mace et al. 2008). The criteria used are clear,
easily comprehensible and flexible, so they can handle uncertainty and give
consistent results across taxa (Akgakaya et al. 2000). A problem is posed by the
many species still ranked as Data Deficient even in well-known groups, because
they are probably a non-random sample of species that are excluded from analyses
of extinction risk (see also chapter 2). There are also known problems with the
Red List classification system, e.g. the uncertainty of the Near Threatened
category, and individual differences among assessors in listing ambivalent species
as Least Concern or Data Deficient. However, the consistency of the assessment
process is improved via a review system, and the classifications seem to be
applicable across as widely different organisms as vertebrates, invertebrates and

plants (Mace et al. 2008).

The IUCN categories going from Least Concern via Near Threatened, Vulnerable,
Endangered and Critically Endangered to Extinct in the Wild and Extinct can be
seen as a “ladder of extinction”. If a continuous rate of progress along this ladder
1s assumed, extinction risk can be analysed as a continuous variable ranging from
zero (Least Concern) through to five (the two extinct categories combined, Purvis
et al. 2000b). The continuous concept preserves more information about species
risk status than using the binary variable non-threatened vs. threatened, and is
often used in analyses modelling correlates of extinction risk across species
(reviewed in Fisher and Owens 2004, Purvis 2008). I follow these studies for the

analyses in chapter 3.

There are, however, some problems with using the Red List categories in this
way. The assumption of linearity is, strictly speaking, statistically unfounded,
because there is hardly any reason to believe that the categories should be of equal
width, and species estimates can never fall between categories. However, the Red
List provides the most comprehensive and reliable extinction-risk dataset
currently available, and non-linearity is only rarely detected (Cardillo et al. 2005,
Redding and Mooers 2006). Also, the most powerful statistical approaches for

comparative analyses require continuous response variables. Nevertheless,
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because a binary distinction (non-threatened vs. threatened) does not assume
continuous progress along the [UCN categories, I use this measure instead in

chapters 2, 4, and 5.

Thesis aims

The overall aim of this thesis is to investigate large-scale phylogenetic and spatial
patterns in global species extinction risk, using well-known vertebrate taxa as
study groups to increase understanding of current extinction processes.
Throughout, I use novel, phylogenetic and spatially-explicit approaches to study
three aspects of the current extinction crisis: its magnitude in terms of
phylogenetic signal (chapter 2), its focus both spatially and in terms of species
susceptibility (chapters 3 and 4), and its possible impacts on diversity (chapter 5).
Chapter 2 uses a new measure to investigate the strength of phylogenetic
selectivity in current, global mammalian extinction risk, with the aim of
separating the different signatures that biological selectivity of the main threat
types produces on a phylogeny. In chapter 3, I aim to show which biological traits
increase extinction risk in mammals within ecoregions, and how these interact
with different anthropogenic threats across the globe. Chapter 4 further
investigates the focus of current extinction risk by comparing biological traits and
anthropogenic threats that correlate with different aspects of extinction risk across
and within three major vertebrate taxa. Finally, in chapter 5 I aim to estimate
possible impacts of the current extinction crisis by investigating spatial patterns of

estimated losses of species richness and phylogenetic and functional diversity.
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Chapter 2: Selectivity in mammalian extinction risk and
threat types — a new measure for phylogenetic signal

strength in binary traits

Abstract

The strength of phylogenetic signal in extinction risk can give insight into the
mechanisms behind species’ decline. However, there is currently no measure for
phylogenetic pattern in a binary trait such as extinction-risk status that is also
comparable among datasets. I develop such a measure, and use simulations to
demonstrate that robust results can be achieved with datasets of more than 50
species, even when the proportion of threatened species is low. I then apply the
new measure, D, to the Red-List status of British birds and mammals worldwide.
My results indicate that at-risk status for both groups shows moderately strong
phylogenetic clumping. I also test the hypothesis that the phylogenetic pattern of
species threatened by harvesting should be stronger than for those threatened by
either habitat loss or invasive species, because the life-history traits mediating the
effects of harvesting themselves show strong evolutionary pattern. The results for
mammals support this hypothesis, but also show moderate to strong phylogenetic
signal in the pattern of risk caused by the other two drivers as well. I conclude that

D is a useful measure of the strength of phylogenetic pattern in many binary traits.

A version of this chapter has been submitted to Conservation Biology as “Selectivity in
mammalian extinction risk and threat types: A new measure for phylogenetic signal

strength in binary traits”, authors: Susanne A. Fritz and Andy Purvis.
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Introduction

Analyses of comprehensive assessments of species extinction risk reveal that risk
is often not spread randomly across taxonomy or phylogeny. Rather, there is
usually a significant tendency for risk to be concentrated within some major
branches of a phylogeny, and for close relatives to share the same risk status. This
non-random phylogenetic pattern in extinction risk holds true for many taxa,
globally or within regions (Bennett and Owens 1997, Russell et al. 1998, Mace
and Balmford 2000, Purvis et al. 2000a, Schwartz and Simberloff 2001, von Euler
2001, Johnson et al. 2002, Lockwood et al. 2002, Stuart et al. 2004, Sjostrom and
Gross 2006, Schipper ef al. 2008). Extinctions in the fossil record are also often
non-random with respect to phylogeny (McKinney 1997, Purvis 2008).

Phylogenetic pattern in extinction risk can give insight into the mechanisms of
extinction or decline. In a phylogenetically random risk pattern, threatened species
occur at random throughout the phylogeny, implying that evolved traits which
show strong phylogenetic pattern, e.g. body size, are not important in deciding
species’ fates. In that case, geographical variation in threat types, or idiosyncratic
factors, determine extinction risk mostly independently of biology; threatened
species are not intrinsically more susceptible but live in threatened environments.
Conversely, a very strong phylogenetic pattern, where threatened species are
prevalent in some clades but not others, implies evolutionarily-patterned
susceptibility. Biological traits then play a direct or indirect role in determining
species extinction risk. Strong evidence for this scenario is phylogenetic
selectivity found at smaller spatial scales, where geographical variation in threat

intensity tends to be reduced (Bielby et al. 2006, Davies et al. 2008).

While the significance of phylogenetic pattern can reveal whether biological traits
are likely to play a role or not, the strength of the pattern can indicate what types
of biological traits may be involved in determining risk. Considering different

threat types and their phylogenetic-signal strength may help to separate the
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processes behind extinction risk. For example, hunting pressure and species’
ability to compensate for extra mortality are likely to reflect body size and
reproductive rates, respectively (Bodmer et al. 1997); both these traits show
strong evolutionary pattern (Freckleton et al. 2002). On the other hand, a general
threat such as habitat loss may not depend strongly on life-history traits, but on
ecological traits such as habitat specialisation (Owens and Bennett 2000); it is
therefore expected to show less phylogenetic signal, or even none at all if all
species are equally susceptible to habitat loss. Therefore, the strength of
phylogenetic pattern suggests which biological traits might be useful in predicting
extinction risk for poorly-known species or clades (Kotiaho ef al. 2005, Corey and
Waite 2008), or for future scenarios of anthropogenic drivers (Cardillo et al. 2006,

Bielby et al. 2008, Willis et al. 2008).

For these reasons, a statistically reliable measure of phylogenetic signal strength
in variables such as extinction-risk status would be valuable. Most previous
studies of phylogenetic pattern in extinction risk have concentrated on
significance-testing rather than estimating the strength of phylogenetic signal
(Bennett and Owens 1997, Russell et al. 1998, Mace and Balmford 2000, Purvis
et al. 2000a, Schwartz and Simberloff 2001, von Euler 2001, Stuart et al. 2004,
Bielby et al. 2006, Sjostrom and Gross 2006, Schipper ef al. 2008). Good
measures of phylogenetic pattern in continuous traits are available (Freckleton et
al. 2002, Blomberg et al. 2003), but these cannot readily be applied to binary
traits such as threatened vs. non-threatened. None of the existing methods
applicable to binary traits provide a measure of signal strength that can be
compared across datasets. Moran’s /, which measures taxonomic or phylogenetic
autocorrelation of binary traits, is sensitive to the prevalence of threat (Lockwood
et al. 2002). Another measure for phylogenetic signal in binary traits, MPD or
mean phylogenetic distance, is dependent on phylogeny shape and the number of
species in the dataset (Webb et al. 2002). Methods intended to test phylogenetic
pattern in cladistic character matrices used in phylogeny estimation, such as tree-
length distribution skewness (Huelsenbeck 1991) or Relative Apparent
Synapomorphy Analysis (RASA, Lyons-Weiler et al. 1996), focus on



Chapter 2 28

distinguishing between perfect and strong clumping: they do not discriminate well
among levels of clumping more likely to be observed in extinction risk, where

clades often do not exclusively contain threatened species.

Since it is of interest to compare the strength of phylogenetic selectivity among
datasets, as well as test for significance, my first aim is to introduce and test a new
measure for phylogenetic-signal strength in a binary trait such as risk status.
Below, I use simulations to assess performance of my new measure for
phylogenetic signal in a binary trait, D. Significance-testing for D is compared
with previously published results describing phylogenetic patterns in British birds
of conservation concern (Thomas 2008). The second aim of this chapter is to
employ D to investigate the different processes leading to high extinction risk. I
explore global extinction-risk status in mammals as recorded by the Global
Mammal Assessment (IUCN 2008), using a comprehensive, newly-updated
phylogeny of 5020 mammalian species (Bininda-Emonds ef al. 2007, chapter 3).
Since composite measures of extinction risk such as the Red List risk rankings
capture multiple kinds of threat, I also use the IUCN threat classifications to

separate phylogenetic patterns in the main types of threat.

Methods

Derivation of D

The measure I propose for phylogenetic-signal strength in a binary trait is based
on the sum of sister-clade differences in a given phylogeny. While a maximally
clumped trait will be in the same character state in related species, a highly
overdispersed trait may never be. Consequently, sister-clade differences will be
lowest for strongly clumped traits and highest for strongly overdispersed ones
(Table 2-1). The actual amounts will depend on the prevalence of the binary trait

(the proportion of species in character state 1) and the size and shape of the
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Table 2-1. Caption continued from previous page.

diagrams at the tips and nodes indicate tip data and nodal values for the binary
character in question, representing values between 0 (completely empty) and 1
(completely filled). I estimate nodal values as the weighted mean of descendant
node or tip values (all weights are one in this example due to the chosen branch
lengths). The sister-clade differences are then the differences between nodal values
at each end of the branch. Branches are labelled with these values, unless their
value i1s 0. Xdg, is the observed sum of sister-clade differences across the whole
phylogeny, and D is computed as the observed sum of sister-clade differences
minus the Brownian expectation, divided by the difference between the random ex-

pectation and the Brownian expectation.

phylogeny, so their effects need to be removed to make the measure of
phylogenetic-signal strength comparable among datasets. I address these steps in

turn.

At each node in the tree, nodal values for the binary trait are estimated, and the
sum of the differences between each pair of sister clades is computed across the
whole tree (Table 2-1). Each nodal value is estimated as the mean of the values at
its descendant nodes weighted by the lengths of the branches leading to them
(Felsenstein 1985). The sum of absolute differences between nodal and tip values
for each branch in the phylogeny is the observed sum of sister-clade differences,
Ydobs. I then place £d,,s on a common scale with two fixed points (Table 2-1): a
value of unity corresponds to the expectation of a phylogenetically random trait
distribution, and a value of zero is the expectation for a phylogenetic pattern under

Brownian-motion evolution.

Both expectations used to scale Zd,s are generated using permutations based on
the trait prevalence and the phylogeny of interest, which makes the scaled Xdpbs
comparable between datasets. Shuffling the species trait values along the tips of
the tree generates a distribution of sums of sister-clade differences expected for a

random phylogenetic pattern, Zd; (see Table 2-1 for an example). The
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evolutionary model I use to generate a distribution of sums expected under
Brownian evolution, Xd,, is equivalent to a threshold model: I simulate continuous
traits evolving under Brownian motion (i.e. in a random walk with constant trait
variance over time, Felsenstein 1985), and generate their corresponding binary
traits by ranking species whose values exceed the threshold as character state 1,
while other species are in state 0 (see Felsenstein 2005 for discussion of a similar
threshold model). The threshold is defined to give the required prevalence, i.e. the
proportion of species in state 1 for the original observed binary trait. Clearly,
extinction risk is not an evolved trait, but it is correlated with species traits which
are, and the threshold model provides a way to scale the measure of phylogenetic-

signal strength using a meaningful evolutionary hypothesis.

My final measure of character dispersion on a phylogeny, D, is computed by
scaling the observed sum of sister-clade differences with the mean values of the
two expected distributions as follows:

D = [Xd,ps — mean (Zdy)] / [mean (Zd;) — mean (Zdy)]
D is equal to unity if the observed binary trait has a phylogenetically random
distribution across the tips of the phylogeny, and to zero if the observed trait is as
clumped as if it had evolved by Brownian motion under the threshold model
(Table 2-1). Values of D can fall outside this range; an analogy for D is the
degrees-centigrade scale, which is also defined using two meaningful points (the
freezing and boiling point of water, 0°C and 100°C) that are not at each end of the
possible range of values. Increasing phylogenetic clumping in the binary trait is
indicated by values of D decreasing from unity. This new method also tests D for
significant departure from zero (Brownian expectation) and unity (random
expectation) by comparing Xd,ps to either of the two expected distributions (Zd,

and Xd,).

Although D as described here is an entirely new measure for phylogenetic-signal
strength in a binary trait, a precursor of D was devised by myself and published in
Davies et al. (2008, see Appendix A). Similarly to the observed sum of sister-

clade differences here, I there used the sum of absolute phylogenetically
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independent contrasts, and tested for significant departure from random
phylogenetic pattern using simulations. However, the Davies ef al. (2008)
measure is not comparable between datasets, because it is dependent on
phylogeny size and prevalence. Similarly, the sum of sister-clade differences itself
was used by Sjostrom and Gross (2006) to test for phylogenetic non-randomness
in risk status, but their study does not include a measure of phylogenetic-signal

strength that is independent of dataset size, prevalence and phylogeny structure.

I have implemented D using the R software (R Development Core Team 2008)
and the contributed packages geiger (Harmon et al. 2008) and CAIC (Orme ef al.
2008). The functions to compute D (Appendix B) will be made publicly available
as part of the CAIC package (http://r-forge.r-project.org/projects/caic). I
recommend 1000 permutations for computing both underlying D parameters,
because a low number of permutations affect the resolution of p-values and the

estimates for the Brownian expectation (data not shown).

Testing the behaviour of D with simulated and real datasets

To test the behaviour of D, I ran two sets of simulations, using 1000 permutations
throughout. The first set of simulations evaluated the behaviour of D with a range
of known underlying phylogenetic signals by investigating the relationship of D
with Pagel’s A (1999) for the underlying continuous trait in the threshold model.
Pagel’s A is an indicator of phylogenetic signal in a continuous trait, which varies
between zero if the trait is random with respect to phylogeny, and unity if the trait
shows clumped phylogenetic signal indicating it evolved according to the
Brownian evolutionary model (Freckleton et al. 2002). I generated 100 random
tree topologies of 100 tips each, using the “rcoal” function in the R package ape
(Paradis 2006), and simulated continuous characters with a given range of
phylogenetic signals along those, using the R package geiger (Harmon ef al.
2008). Values of A were varied from 0.0 to 1.0 in steps of 0.1. I set the prevalence

to 0.3 to reflect the proportion of species at risk commonly found in many real
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datasets, and converted the continuous traits to binary ones following the

threshold model.

The second set of simulations investigated performance of D with tree topologies
reflecting those that might be typically available. I randomly sampled defined
numbers (10, 25, 50, 75, 100 and 150) of mammalian species from a global list
and obtained their phylogenetic relationships (topology and branch lengths) from
a supertree of 5020 extant species (Bininda-Emonds et al. 2007, chapter 3).
Continuous traits with random (A = 0) and very strong (A = 1) phylogenetic signal
were simulated along these trees and converted to binary traits using different
levels of prevalence (from 0.1 to 0.9 in steps of 0.1). For each tree size,

prevalence and A, I ran 100 replicates.

I then applied the new measure to two real data sets. First, | compared it to a
published study that used a different test for phylogenetic signal in binary traits.
Thomas (2008) recently estimated a species-level phylogeny of British birds, and
tested whether birds in different categories of conservation concern (from Gregory
et al. 2002) showed phylogenetic signal according to their mean phylogenetic
distance (MPD, see Webb et al. 2002). MPD is the mean of the phylogenetic
distances between each pair of species in the phylogeny that are ranked as
character state 1, and its significance can be assessed using randomisations. I
estimated D for the maximum-credibility tree and the data on 181 bird species
supplied by Thomas (2008), and compared significance results with recomputed
MPD P-values for the same maximum-credibility tree because Thomas (2008)
used the median MPD from a posterior distribution of phylogenies estimated with

Bayesian phylogenetic methods.

Finally, I applied D to phylogenetic patterns of extinction risk, threat, and risk-
status knowledge across the entire mammalian phylogeny, using data from the
recently published Global Mammal Assessment (GMA, IUCN 2008). To
investigate global phylogenetic patterns in overall extinction risk, I excluded

species ranked as Data Deficient and used two definitions of at-risk species:
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species in the three threatened categories only (Vulnerable, Endangered and
Critically Endangered) and all species ranked above Least Concern (Near
Threatened and threatened categories, IUCN 2001). Phylogenetic pattern in
knowledge of extinction-risk status was also assessed (species ranked as Data
Deficient in the GMA vs. any other category). Additionally, I investigated
phylogenetic signal in the following mammalian threats as classified by the GMA:
Human-caused habitat loss or degradation, harvesting (hunting/gathering),
invasive alien species, unknown threats, and no threats. I tested each of these
across all species (excluding only species with unknown threats where
applicable), because the GMA lists threats for non-threatened species as well.
Since the threat types affecting threatened species might be better known or more
faithfully recorded, each threat-type pattern was also tested within species ranked

in one of the three threatened categories for overall extinction risk.

Results

D for a binary trait and A for its underlying continuous trait were strongly
negatively correlated (Fig. 2-1a), as expected from the construction of D. The
relationship was non-linear, with D staying around unity for a range of low A
values. Increasing amounts of phylogenetic signal in the underlying continuous
trait, as indicated by higher A values, corresponded to an increasing proportion of
D values significantly different from unity for the simulated binary traits (Fig. 2-
1b). Only at very high values of A, i.e. with strong phylogenetic signal, were D

values not significantly different from zero (Fig. 2-1b).

The simulations showed that the D estimate was independent of tree size and
prevalence (Fig. 2-2). D generally varied around unity for a phylogenetically
random trait, and around zero for a phylogenetically clumped one, although small
tree sizes led to high variability in D. D values significantly different from unity,

1.e. indicating significant phylogenetic signal, were generally rare for binary traits
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Figure 2-1. Relationship of D for a binary trait and A for an underlying

continuous trait.

Data were simulated with random tree topologies of 100 tips, evolving continuous
characters with set A values along these, and ranking the top 30% of their values as
state 1 for the binary character of interest. D should be one for a phylogenetically
random trait (A = 0), and zero for a trait evolved under the Brownian model (A = 1,
see Methods). a) Box-and-whisker-plot of D for different values of A. Solid lines
indicate medians, and the bottom and top of the boxes show the 1* and 3™ quar-
tiles. The whiskers extend to either the maximum value or 1.5 times the inter-
quartile range, whichever is smaller, and the circles outside those ranges are out-
liers. b) Proportion of significant D values for different values of A. Black bars
show proportion of D values significantly smaller than one, indicating significant
phylogenetic signal, and white bars show proportion of D values significantly
larger than zero, indicating significant departure from the Brownian threshold

model.

based on phylogenetically random continuous traits (Table 2-2). The power of
detecting significant phylogenetic signal using D was affected by a low number of
tips and extreme prevalence: at small tree sizes and very low or very high
prevalence, many binary traits showed no significant signal according to D despite

their underlying continuous trait being strongly phylogenetically patterned.
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Figure 2-2. Performance of D for simulated traits.

Means and standard errors of 100 replicates each are shown for simulated binary
traits with no (A = 0, empty symbols) and very strong phylogenetic signal (A = 1,
filled symbols) in the underlying continuous trait, and for different tree sizes and
levels of prevalence in the binary trait. All plots are scaled to the same y-axis
extent for ease of comparison, so extreme means may lie outside the plot area. Tree
sizes were: a) 10, b) 25, ¢) 50, d) 75, e) 100, f) 150 tips. Simulations were run by
picking the specified number of tips at random from a species-level phylogeny of

most extant mammals, simulating continuous traits with set A values along this tree,
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and computing D for binary traits scored on the basis of these continuous traits

using the given prevalence.

A=0 r=1

10 25 50 75 100 150 10 25 50 75 100 150
0.1 5 4 2 4 6 14 47 78 80 98
0.2 12 3 6 4 8 6 12 29 74 93 97 100
0.3 8 4 3 4 2 2 14 42 8 98 100 100
0.4 9 9 6 5 3 1 12 46 90 99 99 100
0.5 11 7 9 5 4 5 22 48 90 97 100 100
0.6 8 9 1 6 4 6 24 39 8 98 100 100
0.7 11 8 2 6 6 3 15 46 8 96 100 100
0.8 6 6 6 9 5 19 40 68 92 98 100
0.9 6 8 6 2 4 1 19 26 52 76 94 99
0.1 14 38 58 82 96 11 7 1 5 4
0.2 13 21 69 8 96 100 17 5 7 1 4 1
0.3 6 40 8 97 100 100 4 4 2 2 5 2
0.4 12 46 82 100 100 100 9 4 5 4 5 5
0.5 1352 84 98 100 100 4 2 6 6 4 2
0.6 18 40 88 99 100 100 4 6 5 5 8 6
0.7 13 4 76 96 99 100 4 5 8 5 2 3
0.8 14 29 67 8 96 100 5 6 8 6 3 4
0.9 12 17 50 73 88 100 4 7 6 6 2 4

Table 2-2. Simulation results demonstrating significance testing with D.

Proportions of D values that were significantly different from unity (upper table
half) and zero (lower table half) for binary traits simulated under the threshold
model with no (A = 0) and very strong phylogenetic signal (A = 1), for different tree
sizes and different levels of prevalence of the binary trait. Column headings give
the number of tips in the tree, row headings indicate prevalence of the binary trait. |
simulated 100 replicates per tree size, trait prevalence and set A value as explained
for Fig. 2-2, and tested whether computed values of D were significantly smaller
than unity (D=1 for a randomly distributed binary trait) and significantly larger

than zero (D=0 for a binary trait under the Brownian threshold model).
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Corresponding patterns were seen when testing D for departure from zero (Table

2-2).

Results of significance tests using D for 14 categories of conservation concern in
British birds were very similar to those using MPD (Table 2-3). Under a
significance level of 0.05, MPD but not D indicated significant phylogenetic

P-value P-value P-value

N D (D>0) (D<1) (MPD)
All red-listed species 32 056 <0.05 <0.01 <0.05
All amber-listed species 121 0.86 <0.001 n.s. n.s.
All green-listed species 60 086 <0.001 <0.1 <0.05
Historical population decline 8 0.95 <0.05 n.s. n.s.
Historical pop. decline, incl. recovering 13 070 <0.05 <0.1 n.s.
Rapid decline in UK breeding population 22 058 <0.05 <0.01 <0.01
Moderate decline in UK breeding pop. 49  0.88 <0.001 n.s. <0.05
Rapid contraction in UK breeding range 6 1.26  <0.01 n.s. n.s.
Moderate contraction in UK breeding range 16 1.12  <0.001 n.s. n.s.
Population size of 1-300 breeding pairs 21 095 <0.001 n.s. n.s.

> 50% of UK breeding pop. in < 10 sites 28 0.25 ns. <0.001 <0.05
> 20% of European breeding pop. in UK 14 076 <0.05 <0.1 n.s.
Lowest decile of population size 18 1.01 <0.001 n.s. n.s.

Lowest decile of geographic range size 18 0.75 <0.05 <0.1 n.s.

Table 2-3. Phylogenetic signal in different categories of conservation
concern for 181 British birds, using mean phylogenetic distance (MPD)

from Thomas (2008) and D.

MPD P-values are from a re-analysis using the maximum credibility tree from
Thomas (2008). Categories of conservation concern follow Gregory et al. (2002),
with N being the number of species in the category in question (coded as state 1 for
the binary trait). Historical population declines were measured during 1800-1995.
Rapid declines or contractions were > 50%, moderate ones > 25%; all were
measured over the last 25 years. The population size was based on a 5-year mean,
and the category “> 50% of UK breeding population in < 10 sites” excluded rare

breeders.
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signal for green-listed species and species with a moderate decline in the UK
breeding population. Both of these showed no significant signal using MPD when
taking an average value from the posterior distribution of trees, as was the case for
red-listed species as well (P<0.1 for all three, Thomas 2008). D values showed
that phylogenetic signal was strongest in species where most of the UK breeding
population can be found in few sites, followed by red-listed species and species
showing rapid population decline (Table 2-3). The phylogenetic signal for species
breeding at few sites was so strong that it was indistinguishable from the

Brownian threshold model (D was not significantly different from zero).

All tested extinction-risk categories and threat types in mammals were
significantly phylogenetically clumped (Table 2-4). Strength of phylogenetic
signal in extinction risk as indicated by D was similar for species ranked above
Least Concern and species ranked in any of the three threatened categories.
Species classified as Data Deficient showed less phylogenetic signal. Among
known threat classifications, species threatened by harvesting had the highest
degree of phylogenetic clumping, and species threatened by habitat loss had the
least, with threat by invasives showing intermediate signal. Harvested species
were as closely related across the phylogeny as expected under Brownian
evolution (D was not significantly different from zero). Species categorised as not
affected by any threat and species threatened by unknown threats also showed
significant phylogenetic signal. All patterns in these different threat types were
similar whether assessed across all evaluated species or within species ranked as

threatened.
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N Preva- P-value P-value
lence (D>0) (D<1)
Risk rankings
Above Least Concern 1311/4275 0.31 0.637 <0.001 <0.001
Threatened 999 /4275 0.23 0.653 <0.001 <0.001
Data Deficient 744 /5019 0.15 0.831 <0.001 <0.001
Threat classifications
Habitat loss
all species 2239/4315  0.52 0.600 <0.001 <0.001
within threatened spp. 886 /978 0.91 0.606 <0.001 <0.001
Harvesting
all species 941 /4208 0.22 0.076 n.s. <0.001
within threatened spp. 438 /950 0.46 -0.006 n.s. <0.001
Invasive alien species
all species 315/4204 0.07 0.464 <0.001 <0.001
within threatened spp. 166 /952 0.17 0.527 <0.001 <0.001
Unknown
all species 721/4911 0.15 0.775 <0.001 <0.001
within threatened spp. 54/999 0.05 0.637 0.001 <0.001
No threats 1956 /4268  0.46 0.538 <0.001 <0.001

Table 2-4. Phylogenetic patterns of extinction risk and threat in

mammals as indicated by D.

N indicates sample sizes (the number of species ranked as 1 / total number of

species with data and in the phylogeny), and prevalence is the proportion of species

ranked as 1 for the binary trait. Risk rankings and threat classifications were from

the GMA (IUCN 2008).
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Discussion

Statistical performance of D and comparison with previous methods

My results show that my new measure for phylogenetic-signal strength in a binary
trait, D, performs well under the assumptions of the threshold model. The curved
relationship of D for a binary trait with A, the measure of phylogenetic signal for
the underlying continuous trait (Pagel 1999), may indicate that D is more
conservative than A in detecting phylogenetic pattern. Since D is based on much
coarser information than A, and A itself is not a strictly linear measure (Freckleton

et al. 2002), this non-linearity between D and A is no weakness of the measure.

According to the simulations, significance testing with D works well, and false
positive results are rare. D is not powerful for small tree sizes, i.e. below 50 tips
for low and high trait prevalence (proportions of species in character state 1), and
below 25 tips for all tested levels of prevalence. This is comparable to the
recommendations for A in Freckleton et al. (2002), and expected given the
coarseness of the binary signal and the low number of tips involved. Above these
thresholds, the value of D itself is independent of tree size and trait prevalence,
making it comparable across different datasets. My new measure is therefore

superior to the conceptually similar one of Davies et al. (2008).

Comparison with the results of Thomas (2008) for British birds in different
conservation categories further confirmed good performance of significance-
testing for D. Generally, D is more useful than MPD as previously used because it
is independent of phylogeny size (although MPD could probably be standardised
using randomisations in a similar way as I do for Xd,s). The median MPD from a
distribution of trees (estimated using a Bayesian phylogenetic approach) for red-
listed bird species was non-significant, leading Thomas (2008) to conclude that
different threat types showed conflicting phylogenetic patterns, making the overall

pattern of extinction risk phylogenetically random. Conversely, my reanalysis of
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his data using just the maximum-credibility tree picked up significant
phylogenetic signal in red-listed species according to both D and MPD. For the
red-listed category and the two other categories that were significant on the
maximum-credibility tree according to MPD but not confirmed by D, the MPD P-
value for the posterior tree distribution given by Thomas (2008) bordered on
significance (P < 0.1). These differences serve as a reminder that slight changes in
tree topology may change phylogenetic patterns for binary traits quite

dramatically.

My D value for red-listed species indicates that clumping was in fact moderately
strong (D = 0.56), which fits well with global bird studies (Bennett and Owens
1997, Russell et al. 1998), but may be based on an unrepresentative tree topology.
Since comparison of D and MPD for the maximum-credibility tree demonstrated
good performance of D, I did not resolve the issue of whether taking uncertainty
in phylogeny estimation into account would broaden the confidence interval
enough to make the pattern non-significant for D as well as for MPD. Using the
maximum-credibility tree, significance-testing for D seemed to be stricter than for
MPD in two cases. I conclude that my new measure, D, is superior to MPD in that
it estimates the strength of phylogenetic signal, and that significance-testing for D

seems to perform at least as well as for MPD.

The only similar measure of phylogenetic-signal strength in a binary trait [ am
aware of, Moran’s /, is dependent on trait prevalence. Lockwood et al. (2002)
suggest rarefaction methods as a solution, but these discard threatened species
from the dataset until the trait prevalence of all considered datasets is equal. D
considers all available information for each dataset, and is independent of trait
prevalence and phylogeny size and shape, because the permutations generating the
fixed points used to scale Xd,ps are based on the trait prevalence and phylogeny of
interest. Moran’s I might be useful to investigate taxonomic patterns of extinction
risk, but D is clearly a more comprehensive measure for phylogenetic-signal

strength in a binary trait if a phylogeny is available.
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Cladistic approaches rely on parsimony to reconstruct nodal values and therefore
test for clear-cut patterns where whole clades have the same trait values
(Huelsenbeck 1991, Lyons-Weiler ef al. 1996). Accordingly, they are expected to
perform badly when applied to patterns of extinction risk or threat, which usually
show more equivocal patterns; for example, D was nearly always significantly
different from the Brownian expectation in both my bird and mammal results.
Cladistic approaches are useful for many other applications, but D is probably
more appropriate for detecting phylogenetic signal in extinction risk. Generally, D
can be used as a measure for phylogenetic-signal strength in any binary trait of
interest, but users should be aware of the assumptions of the particular underlying
threshold model, i.e. that the binary trait of interest did not evolve itself but its tip

pattern is based on one or more evolved, continuous traits.

Global extinction risk and threat patterns in mammals

My results confirm the presence of strong phylogenetic selectivity in global
mammalian extinction risk found in previous studies (Russell ez al. 1998, Mace
and Balmford 2000, Purvis et al. 2000a). More importantly, this study is the first
to demonstrate large differences in phylogenetic-signal strength for the different
threat types in mammals. These differences indicate that different threats lead to
high extinction risk via different processes, and emphasise the importance of
taking different threat types into account to explain extinction-risk processes
(Owens and Bennett 2000). They also support claims that analyses of extinction-
risk correlates should correct for phylogenetic effects using methods that can take
variable amounts of phylogenetic signal into account (Freckleton et al. 2002,

Purvis 2008).

Species threatened by harvesting showed the strongest phylogenetic signal; in
fact, their phylogenetic signal was indistinguishable from the phylogenetic
clumping shown by a trait that has evolved under Brownian motion according to
my threshold model. This extreme phylogenetic signal is unlikely to be caused

purely by spatial pattern in harvesting intensity; instead, it strengthens the
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hypothesis that hunting causes declines in large, slowly-reproducing species
(Bodmer et al. 1997, Isaac and Cowlishaw 2004, Fa et al. 2005), given that body
mass and life-history traits often fit the Brownian model of evolution (Freckleton
et al. 2002). My results also imply that susceptibility to harvesting for species in
currently pristine habitats should be well predicted by strongly phylogenetically
patterned traits such as body mass or fecundity, which could help to select
conservation areas in wilderness regions where infrastructure is growing rapidly

(e.g. Soares-Filho et al. 2006).

Contrary to expectations from previous studies in birds (Owens and Bennett 2000,
Thomas 2008), all other types of threat tested also had consistently significant
phylogenetic pattern in mammals. Of the known threats I examined, habitat loss
was least phylogenetically clumped, but its clumping was still as strong as for
overall at-risk species. These results may imply that even a general threat such as
habitat loss targets certain biological traits, leading to disproportionate extinction
risk for some clades. Previous studies of biological extinction-risk correlates in
mammals that have separated different types of threat have been of narrow
taxonomic or spatial focus, or concentrated on the effects of hunting (Isaac and
Cowlishaw 2004, Price and Gittleman 2007). Given that habitat loss is the greatest
threat to biodiversity today and will probably continue to have high impact (Mace
et al. 2005), gaining an understanding of the biological traits that make mammals

susceptible to habitat loss is vital to enable conservation efforts to be effective.

The phylogenetic clumping of species threatened by habitat loss, invasive species,
and unknown threats is likely to be partly due to geographical differences in the
degree of habitat loss, because of spatial clustering of related species and clades
(Bielby et al. 2006, Davies et al. 2008). Similarly, species impacted by no known
threat could be intrinsically less susceptible to ongoing threats or live in “safe”
places: either could cause the observed phylogenetic pattern. Studies on smaller
geographic scales could resolve the respective roles of biological traits and
geography, but are often impeded by small sample size. A different approach is to

estimate the strength of phylogenetic and spatial signal in extinction risk in a
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single analysis, in order to separate the relative contributions of both; a recently
published study (Freckleton and Jetz 2009) introduced a new method to perform

this kind of analysis, but this is currently only applicable to continuous traits.

In conclusion, this chapter has shown that my new measure for phylogenetic-
signal strength in a binary trait, D, performs well with reasonable sample sizes,
takes the whole phylogeny into account, and is comparable across different sizes
of phylogeny and levels of trait prevalence. Strong phylogenetic signal in both
British birds of conservation concern and global mammalian extinction risk and
threat types indicate that biological traits directly or indirectly determine species’
fates. The traits increasing susceptibility differ with threat types in mammals, with
risk from habitat loss being much less dependent on traits with strong
phylogenetic signal such as body size than is risk from hunting. My results
highlight a need for studies investigating the phylogenetic signal in different
threat types at smaller spatial scales, to disentangle the respective roles of biology
and geography. Also, future studies trying to predict species, clades, or areas of
conservation concern from biological traits and anthropogenic threats should take
different threat types into account where possible, and use phylogenetic methods
that account for varying amounts of phylogenetic signal. I conclude that D will be
a useful tool for studying the significance and strength of phylogenetic signal in
many kinds of binary traits, but especially those that are unlikely to show clear-cut

phylogenetic patterns, such as extinction-risk status and threat types.
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Chapter 3: Geographical variation in predictors of
mammalian extinction risk — big is bad, but only in the

tropics

Abstract

Whereas previous studies have investigated correlates of extinction risk either at
global or regional scales, this chapter explicitly models regional effects of
anthropogenic threats and biological traits across the globe. Using phylogenetic
comparative methods with a newly-updated supertree of 5020 extant mammals, I
investigate the impact of species traits on extinction risk within each WWF
ecoregion. My analyses reveal strong geographical variation in the influence of
traits on risk: notably, larger species are at higher risk only in tropical regions. I
then relate these patterns to current and recent-historical human impacts across
ecoregions using spatial modelling. The body-mass results apparently reflect
historical declines of large species outside the tropics due to large-scale land
conversion. Narrow-ranged and rare species tend to be at high risk in areas of high
current human impacts. The interactions I describe between biological traits and
anthropogenic threats increase understanding of the processes determining

extinction risk.

A version of this chapter has been published as: Susanne A. Fritz, Olaf R. P. Bininda-
Emonds, and Andy Purvis (2009) Geographical variation in predictors of mammalian

extinction risk: big is bad, but only in the tropics. Ecology Letters 12: 538-549.
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Introduction

The most comprehensive global assessment of species extinction risk, the [IUCN
Red List, currently lists 12% of bird species, 21% of mammals and 30% of
amphibians as threatened by extinction (IUCN 2008). To counter the impending
mass extinction with sparse conservation funds, it is necessary to understand the
nature of threat factors to which species are exposed, and why species differ in
their susceptibility to a given threat. Mammals are an appropriate study group for
analyses of extinction risk because a fifth of their species are threatened, risk
status for all mammalian species has been evaluated by the Red List (IUCN
2008), and their populations are declining rapidly (Collen ef al. 2009). They are
also of particular conservation concern because they are charismatic and fulfil
important ecosystem functions. Additionally, mammals are currently the only
species-rich taxon for which a species-level phylogeny, global distribution maps
and extensive biological trait data are available (Bininda-Emonds et al. 2007,

Jones et al. 2009).

Previous studies have shown that extinction risk is phylogenetically non-random
even at small spatial scales, which implies that some biological traits shared by
close relatives shape species’ fates in the face of human impacts (Russell et al.
1998, Davies et al. 2008). The distribution of threatened species varies in space,
as do anthropogenic threats such as habitat loss, overexploitation and invasive
species (Baillie et al. 2004). Successful prediction of future risk will rely on
knowledge of threats in a particular place, of traits that make species susceptible
to those threats, and of the phylogenetic relationships of the clade in question.
This chapter therefore aims to disentangle some of the complex interactions
between threats and traits that shape extinction risk patterns both phylogenetically

and spatially.

Due to the complexity of extinction risk processes, the global focus of many

previous studies may obscure regional variation in both threats and species traits
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(Fisher and Owens 2004). Correlates of mammalian risk differ substantially
among taxonomic groups and biogeographical regions, indicating that clade- or
region-specific processes may drive the divergent patterns (Cardillo et al. 2008).
The influence of certain traits on population decline or extinction risk in mammals
and birds is specific to particular threat processes (Owens and Bennett 2000, Isaac
and Cowlishaw 2004, Price and Gittleman 2007). Taxonomically focused
analyses can describe taxon-specific threat processes more accurately (Fisher and
Owens 2004), but global analyses of wider taxonomic focus can show more
general patterns and are less affected by low sample sizes (Purvis 2008). Here, I
try to combine advantages of both approaches in this regionally focused study by
building separate models for each WWF terrestrial ecoregion (Olson ef al. 2001).
My aim is to map effects of species traits on mammalian extinction risk across
taxonomic groups while accounting for both phylogenetic relationships and

regional differences in threat processes.

I focus on the main biological traits that global studies have found to be related to
high extinction risk: small geographic range size, low abundance or species
population density, low fecundity or slow life history, and large body size (see
Fisher and Owens 2004, Purvis 2008 for recent reviews). Narrow distributions
and/or low abundances make species susceptible, an effect believed to be
intensified by habitat loss (Scharlemann ef al. 2005). Low fecundities and slow
life histories reduce the ability of populations to compensate for increased
mortality and have been connected to overexploitation in particular (Owens and
Bennett 2000, Isaac and Cowlishaw 2004, Price and Gittleman 2007). According
to a recent global study, body size interacts with ecological and life-history
variables: low reproductive rates and low abundance were associated with high
risk, but only among larger mammals (Cardillo et al. 2005). Some taxonomically
and regionally focused studies also find direct body size effects (Isaac and
Cowlishaw 2004, Collen et al. 2006, but see Price and Gittleman 2007).
Additionally, human impacts often interact with species traits to shape risk
patterns. For example, large species are thought to be threatened

disproportionately by overexploitation but not by habitat loss, as shown in birds
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(Owens and Bennett 2000) and primates (Isaac and Cowlishaw 2004) but not in
artiodactyls (Price and Gittleman 2007).

Here, I use a novel two-stage combination of phylogenetic and spatial analyses to
describe how anthropogenic threats interact with species traits to shape extinction
risk. In contrast to other studies that have tended to focus on current human
population density, I additionally use measures for human appropriation of
ecosystem services, economic development, and current and historical habitat loss
via land conversion, all of which have been connected to extinction risk
(Scharlemann et al. 2005, Luck 2007). In the first stage, I map regional patterns of
the influence that selected species traits have on extinction risk when controlling
appropriately for phylogenetic effects. Using spatially explicit analyses, the
second stage then models these trait effects as functions of historical and current

human impacts across the globe.

Methods

Dataset and phylogeny

Geographic range and life-history data for mammals excluding marine and strictly
freshwater species were obtained from the PanTHERIA dataset (Jones ef al.
2009). Following global studies (Cardillo et al. 2005, Cardillo et al. 2008), I chose
geographic range size, body mass, species population density, and two life-history
traits as explanatory variables in our models. To describe life-history variation
independently of body size, gestation length and weaning age were chosen to
represent reproductive output and timing (Bielby et al. 2007). Following Purvis et
al. (2000b), I converted the [IUCN Red List 2007 ratings (IUCN 2007) into a
numerical index from 0 to 5 as a measure of extinction risk, and excluded species
classified as Data Deficient and threatened species not listed under criterion A

(recent or ongoing population decline) to avoid the circularity of including species
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listed due to small population sizes or geographic ranges. Risk status for species
in both the phylogeny and distribution dataset was: 2447 species in Least
Concern, 563 Near Threatened, 444 threatened under criterion A, and one Extinct
in the Wild. Data availability for each predictor variable ranged between all 3455
species (geographic range size) and 801 species (23%; species population density)

(Table 3-1).

To investigate regional impacts of different biological traits on global mammalian
extinction risk, I modelled the relationship of traits with risk for each WWF
terrestrial ecoregion in a phylogenetic framework. I chose ecoregions rather than
grid cells as spatial units because they are at a relatively small scale for a study of
global extent, but yield sufficiently large sample sizes for modelling. Ecoregions
also represent more natural units than a grid since they delimit biogeographical
units with distinct natural communities (Olson et al. 2001). Finally, the coarser
scale of ecoregions may avoid some of the errors arising from converting
imprecise species ranges to e.g. grid cell occurrence (Jetz et al. 2008). I overlaid

ecoregion shapefiles (http://worldwildlife.org/science/data/terreco.cfm, accessed

Variable N A 1
IUCN extinction risk 3455 0.70 822.7
Geographic range size 3455 0.63 785.6
Body mass 2944 0.99 7610.7
Population density 801 0.88 943.1
Weaning age 957 0.92 1409.4
Gestation length 1112 0.99 2910.1

Table 3-1. Data availability and phylogenetic signal for species traits in
the mammal dataset.
Number of species with data per trait (N) and Pagel’s A with results of testing for

the departure of A from zero are shown. All y* values were significant with

P<0.001.
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August 2006) with mammal species ranges from Jones ef al. (2009) and extracted
the occurrence of species per ecoregion. Of the 825 terrestrial ecoregions, 791

contained mammals.

For the phylogenetic analyses, | updated the species-level supertree of Bininda-
Emonds et al. (2007) to account for the more recent mammalian taxonomy of
Wilson & Reeder (2005). Species identities were associated between the
respective taxonomies (Wilson and Reeder 1993/2005) using information on
taxonomic synonymy therein. Of the 4510 species in the original phylogeny, 3609
were unchanged between the taxonomies and 368 were simply renamed.
Taxonomic lumping resulted in the loss of 111 species, whereas 422 species were
split to 1043 tips to incorporate 675 new species names (retaining the original
species name when applicable). All of these taxonomic changes to the original
topology were performed using the Perl script synonoTree v2.2b (Bininda-
Emonds et al. 2004). The new topology of 5020 species was then redated using
exactly the procedures and data sets detailed in Bininda-Emonds et al. (2007,
corrigendum 2008). The sequence data were also updated for this procedure to
account for the new taxonomy using the Perl script seqCleaner v1.0.3. To avoid
potential ambiguity, only one-to-one renamings were applied here; sequence data

affected by taxonomic lumping or splitting were deleted from the dataset.

Phylogenetic analyses

I used Pagel’s A (1999) to test for phylogenetic signal in our variables. If there is
no phylogenetic signal in the variable in question, A is zero, and it approaches one
with increasing phylogenetic pattern. Estimates for A were significantly non-zero
for all the traits tested, including [IUCN extinction risk rating (Table 3-1).
Therefore, I accounted for phylogenetic effects by using phylogenetic generalised
linear models (PGLMs) for within-ecoregion models of extinction risk
(Freckleton et al. 2002). In a PGLM, Pagel’s A is used to account appropriately for
the phylogenetic covariance between response and explanatory variables. This

method avoids the errors associated with assuming complete phylogenetic
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independence (A=0, equivalent to non-phylogenetic analyses) or the over-
correcting caused by assuming complete phylogenetic covariance (A=1, equivalent
to phylogenetically independent contrasts, Purvis 2008). I ran all models in R
version 2.6.0 (R Development Core Team 2007), using code provided by R.
Freckleton for the PGLM (version 3.2; updated version available as part of the
CAIC package from http://r-forge.r-project.org/projects/caic).

All explanatory variables were log-transformed for the analyses. To avoid
overfitting, I discarded models where the number of fitted parameters was higher
than one-third of the number of nodes in the ecoregion phylogeny, a strict
measure of sample size (Crawley 2007) for phylogenetic models. As models
including all five explanatory variables could be fitted in only 379 ecoregions, |
instead built separate models focusing on each of the selected traits in turn, while
controlling for independent effects of the most confounding covariates. The only
single-predictor model fitted geographic range size as the focal variable; all other
models controlled for range size because it was the single most important
predictor of species risk. Models for species population density, weaning age and
gestation length as focal traits additionally controlled for body mass, which
correlates strongly with all three. I did not fit interaction terms because of sample
size restrictions within the ecoregions. Each of the five models was fitted to each
ecoregion and also to the whole mammalian dataset to compare global and
regional results. To facilitate subsequent comparisons of coefficient estimates

across the globe, I did not simplify models.

Spatial analyses

In comparative studies, not only phylogenetic but also spatial non-independence
can inflate degrees of freedom in statistical testing and violate the assumption of
independently distributed errors in ordinary least squares (OLS) regression
(Dormann et al. 2007). Since each of my phylogenetic models was on the
comparatively small scale of a single ecoregion, spatial autocorrelation of species

values within these models should be negligible. I therefore only account for the
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spatial non-independence in my models across ecoregions, effectively using a
two-step process to incorporate both phylogenetic and spatial effects. Approaches
that combine phylogeny and space in a single-step analysis are being developed

(Freckleton and Jetz 2009) but do not yet support multiple regression models.

I used non-spatial and spatially explicit multiple regression to relate the
differences in susceptibility caused by intrinsic traits (i.e. the coefficients from the
phylogenetic models) to environmental variables across ecoregions. Using an
Arclnfo macro, I calculated ecoregion values for several variables describing
available environmental energy, topology, anthropogenic and biological factors.
Definitions of variables and data sources are listed in Table 3-2. Prior to analysis,
I transformed environmental variables based on best approximation of a normal
distribution: ecoregion area and the number of threatened species were log-
transformed, and proportional variables were square-rooted (proportions of small-

ranged and large species).

To avoid collinearity and reduce the dataset dimensions, I ran a principal
components analysis on seven proxy measures of anthropogenic impact (Table 3-
3). The first three principal components (PCs) were used as explanatory variables,
because they cumulatively explained over 90% of the total variance. PC1 mostly
represented measures of current human impact (human population density, human
appropriation of net primary productivity, human influence index and gross
domestic product; Table 3-3). PC2 had a high negative loading of historical
agriculture, reflecting land-use intensity throughout the past 300 years, and PC3

represented current urban land cover (Table 3-3).

I initially fitted all environmental variables in Table 3-2 to each of my five
response variables (the coefficient estimates from the phylogenetic models).
These starting models were then simplified to minimum adequate models
(MAMs) by sequentially removing the most non-significant variable until only
significant ones remained in the MAM (Crawley 2007). Between two and six data

points were removed from the MAMs because they were overly influential
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Variable . s

Acronym Variable description Source
group
Energy  AET Mean annual actual UNEP (1994)

evapotranspiration (mm)

Topology ELEV

Mean elevation (m)

USGS EROS (1996)

HABH Habitat heterogeneity Olson (1994)

AREA Ecoregion area (km?) Olson et al. (2001, downloaded
from http://worldwildlife.org/
science/data/terreco.cfm in August
2006)

Human  PCI1 Principal component 1,  See Table 3-3
influence reflecting current human
pressures

PC2 Principal component 2,  See Table 3-3

reflecting historical
agriculture
PC3 Principal component 3,  See Table 3-3

reflecting current urban
land cover

Biology = THRSP

SMALLGR

LARGEBM

Number of threatened
species

Proportion of small-
ranged species

Proportion of large
species

Jones et al. (2009), TUCN (2007)

Jones et al. (2009)

Jones et al. (2009)

Table 3-2. Description and sources for variables used in the non-spatial

and spatial models across ecoregions.

Habitat heterogeneity was measured as the number of ecosystems. The number of

threatened species was the number of species listed above Least Concern

(excluding Data Deficient species and species in the three threat categories not

listed under criterion A, IUCN 2007). I defined species as small-ranged if their

range was in the lowest quartile of all ranges in the dataset, i.e. <33,180 km® (Jetz

and Rahbek 2002). Large species were those with a body mass >3 kg (Cardillo et

al. 2005).
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Variable description and source

PC1

PC2

PC3

Mean human population density (individuals/km?)
CIESIN & CIAT (2005)

Mean human appropriation of net primary productivity
(t carbon)

Imhoff et al. (2004, downloaded from http://sedac.ciesin.

columbia.edu/es/hanpp.html in May 2008)

Mean human influence index
Sanderson et al. (2002, downloaded as Last of the Wild
Data Version 2 from http://sedac.ciesin.columbia.edu/
wildareas in May 2008)

Mean gross domestic product (USS$)
CIESIN (2004)

Historic agriculture index
Klein Goldewijk (2001, downloaded from
http://islscp2.sesda.com in May 2008)

Proportion of urban land cover in 2000
European Commission and Joint Research Centre (2003)

Proportion of cropland in 2000
European Commission and Joint Research Centre (2003)

0.42

0.42

0.43

0.42

0.27

0.28

0.36

0.27

0.31

0.05

0.20

-0.84

-0.21

-0.18

-0.09

-0.08

-0.05

0.09

-0.18

0.88

-0.40

Table 3-3. Human influence measures and their loadings in the

principal components analysis for the first three principal components.

The historical agriculture index was defined as the sum of the proportions of crop-

land and pasture in an ecoregion across the years 1700, 1750, 1800, 1850, 1900,

1950 and 1990. To calculate proportions of urban land cover and of cropland in

2000, grid cells in category 22 (artificial surfaces and associated areas) were de-

fined as 100% urban; cells in category 16 (cultivated and managed areas) as 100%

cropland; and cells in categories 17 or 18 (mosaic of cropland with other land

cover) as 50% cropland.

(absolute studentised residuals > 4). I report results without these, but indicate

where results including them differed qualitatively.
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Following Lichstein ef al. (2002), I tested for the presence of spatial non-
independence in the regression residuals of the MAMs using Moran’s /
correlograms, and accounted for it using spatial autoregression (SAR,
simultaneous autoregressive model). This method assumes that the response is a
function of both the explanatory variables and the values of the response at
neighbouring locations (Kissling and Carl 2008). The SARewor approach I used
models the autoregressive process in the error term, and has been recommended
as the most reliable spatial autoregressive method (Kissling and Carl 2008). I
report results of both OLS and SAR models for three reasons. First, SAR models
have only recently been adopted in spatial ecology and there is no standard
approach to model selection yet (Dormann et al. 2007). Second, it is unclear
whether OLS coefficient estimation is biased by residual spatial autocorrelation
(Hawkins ef al. 2007). Third, OLS models potentially show broad-scale trends,
whereas SAR models preferentially select for variables influencing the response at

finer spatial scales (Diniz-Filho et al. 2003); both are of interest here.

I generated Moran’s / correlograms and spatial models using the R packages
spdep (Bivand 2007) and ncf (Bjernstad 2006). Standardised / values were tested
for significance using a one-tailed randomisation test for positive autocorrelation
(999 permutations, Lichstein et al. 2002). In the SAR models, I defined
neighbours as data points closer than a model-specific maximum distance and
used a row-standardised coding scheme for the spatial weights matrix (Kissling
and Carl 2008). The maximum neighbour distance chosen for each model
optimised its AIC value (Akaike's Information Criterion, Crawley 2007).
Following Lichstein ez al. (2002), I calculated R? values for the SAR models
using Nagelkerke’s formula, and assessed the contribution of each variable to

OLS and SAR model fits using likelihood ratio tests for nested models.
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Results

Fig. 3-1a shows the total species number and number of threatened species within
each ecoregion, illustrating the spatial coverage of the dataset. Globally, each
species trait was significantly associated with risk when analysed separately,
although gestation length and body mass were non-significant in the global model
that included all species traits (Table 3-4). Models for each focal trait were fitted
in 602 to 729 ecoregions (Table 3-5). No models could be fitted in Antarctica or
Oceania because of low species numbers there, but every other biogeographical
realm was represented. We found high regional heterogeneity in influences of

some biological traits on extinction risk (Table 3-5, Fig. 3-1b to 3-1f).

Mammalian species extinction risk was negatively correlated with geographic
range size in 62% of ecoregions throughout the world (Table 3-5, Fig. 3-1b).
Controlling for range size, large body mass was correlated with high extinction
risk in approximately half of the ecoregions (Table 3-5); significant correlations
were mostly restricted to the Neotropical, Afrotropical and Indo-Malayan realms
(Fig. 3-1c). Species population density and life-history variables displayed more
heterogeneous spatial patterns of influence on extinction risk after controlling for
range size and body mass, and were independently significant in only 19-29% of

ecoregions (Table 3-5, Fig. 3-1d-f).

Spatial (SAR) models always had lower AIC values and explained a higher
amount of variance than non-spatial (OLS) models (Table 3-6). They also
successfully removed nearly all significant residual spatial autocorrelation (Fig. 3-
2). At least one anthropogenic variable was significant in each non-spatial model
(Table 3-6). In both spatial and non-spatial models, current human impacts were
strongly correlated with impacts of geographic range size on risk (Fig. 3-3a),
whereas the effects of large body mass were greatest where there had been least
historical land conversion (Table 3-6, Fig. 3-3b). Effects of species population

density and life-history traits on risk correlated with different anthropogenic
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Figure 3-1. Continued on following pages.
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Figure 3-1. Caption on following page.
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Figure 3-1. (Previous pages). Species numbers per ecoregion (a) and
results of within-ecoregion models for mammalian species extinction

risk (b-f).

In a), a circle is plotted on the centroid of each ecoregion with >1 mammal species.
Circle size is proportional to total species number, and the size legend indicates the
minimum, 1¥ and 3" quartile and maximum circle size (species numbers were
square-root transformed for plotting). Circles are coloured to indicate the number
of species ranked above Least Concern, as shown in the colour key (excluding Data
Deficient species and species in the three threat categories not listed under criterion
A, TUCN 2007). In b) to f), a circle is plotted on the centroid of each ecoregion
where a model could be fitted. Circle colour indicates the coefficient estimate for
the focal explanatory variable in a PGLM against extinction risk, as given by the
colour key, where a coefficient of zero is highlighted by a horizontal line. Circle
size shows the significance of this coefficient, illustrated by the size legend in b)
and d) for plots b) to f). The size legend indicates the size of a circle if the
coefficient estimate is just not significantly different from zero (z-test, P=0.05), i.e.
smaller circles designate non-significant coefficients. Focal explanatory variables
were: b) geographic range size, ¢) body mass, d) species population density, e)
weaning age and f) gestation length. All models controlled for geographic range

size, and models d), e) and f) also controlled for body mass.

measures, although associations were non-significant in spatial models for

gestation length and species population density (Table 3-6, Fig. 3-3c to 3-3e).

At least one biological variable was significant in each model across ecoregions,
and biology explained most of the variance especially in the spatially explicit
models (Table 3-6, Fig. 3-3). Available energy predicted the effects of body mass
and life-history traits only (Fig. 3-3b, 3-3d, 3-3¢). Topological variables
(especially habitat heterogeneity) were significant in each of the non-spatial
models, although they were nearly all non-significant in spatial models for

population density and life-history traits (Table 3-6, Fig. 3-3).
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N R’ A Slope  Error  d.f. t

Geogr. range size 3455 0.17 0.72  -0.149 0.006 3453 26.80%**
Body mass 2944 0.20 0.64 0.116  0.014 2941 8.56%**
Population density 797 0.24 0.59  -0.051 0.016 793 3.11%*
Weaning age 943 0.21 0.50 0.171  0.054 939 3.15%*
Gestation length 1097 0.23 0.48 0.170  0.074 1093 2.30%
Full model 468 0.24 0.64

Geogr. range size -0.213  0.022 462  9.80%**

Body mass 0.060 0.034 462 1.77%

Population density -0.070  0.022 462 3.25%*

Weaning age 0.203  0.082 462 2.49%

Gestation length 0.036 0.116 462 0.32

Table 3-4. Results of global extinction risk models for the complete

mammal dataset using PGLM.

All models for focal traits controlled for geographic range size, and the models for
species population density, weaning age and gestation length also controlled for
body mass. The number of species for the model (N), adjusted R?, optimised A, and
the coefficient estimate (slope) with its standard error, degrees of freedom (d.f.)
and absolute ¢ value are given. All A values were significantly different both from
zero and one ()* tests, all P<0.001). Significance levels for 1 *) P=0.077, *
P<0.05, ** P<0.01, *** P<0.001.

There were no qualitative differences in non-spatial models when excluding
overly influential points, but three spatial models changed. In the geographic
range model, proportion of large species was significant when including all data
points (z=2.98, d.£.=702, P<0.01). When including all data points in the body
mass model, the proportion of large species was non-significant (z=1.45, d.f.=698,
P>0.05). In the gestation length model with all data points, proportion of small-
ranged species was non-significant (z=1.71, d.£.=665, P>0.05) and contributed
much less to model fit than proportion of large species (likelihood ratio (LR)=2.9
for small-ranged, LR=20.3 for large species).
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Table 3-6. Caption continued from previous page.

Variable groups were: energy — AET; topology — ELEV, HABH, AREA; anthropo-
genic — PC1, PC2, PC3 (see Table 3-3); biology — THRSP, SMALLGR, LARGE-
BM. For OLS models, variables fitted but not retained in the minimum adequate
model are listed as non-significant (n.s.); these variables were not fitted in the
corresponding SAR models. Additionally, AIC, residual degrees of freedom and R*
(or pseudo-R?) are given for all models, and the maximum neighbourhood distance
and estimated autoregressive error coefficient for SAR models. Significance levels

for the coefficient estimates: * P<0.05, ** P<0.01, *** P<0.001.

Discussion

Globally, small geographic range, large body mass, low population density, high
weaning age, and high gestation length were associated with high extinction risk,
but ecoregion models showed that the influence of each of these species traits
varied substantially across the world. The strong spatial variation at the ecoregion
scale demonstrates that to understand extinction-risk processes, small-scale
analyses are needed. My results also successfully relate current and recent-past
human impacts to the influence of biological traits on species extinction risk,
emphasising the role of species traits in increasing susceptibility to different

anthropogenic threats.

Similarly to previous studies, geographic range size was the single most important
predictor of mammalian extinction risk both in my global and ecoregion models
(Fisher and Owens 2004, Cardillo et al. 2008). Large size mattered in the global
model when controlling for range size, but became non-significant when life-
history traits and population density were added. Also, global models focusing on
life-history traits and species population density did not explain much additional
variance compared to the global model for body mass. These findings could be

attributed to body-mass interactions with life-history traits (Cardillo ez al. 2005),
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Fig. 3-2. Moran’s I correlograms of non-spatial (OLS; circles) and

spatial (SAR; squares) model residuals.

Filled symbols indicate significant Moran’s / values (999 permutations, one-tailed
test). All correlograms are plotted using the same y-axis extent. The models fitted
different environmental variables across ecoregions (Table 3-6). Responses were
coefficient estimates from phylogenetic models of extinction risk within ecoregions

for the following explanatory variables: a) geographic range size, b) body mass, c)

species population density, d) weaning age, ¢) gestation length.
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but the ecoregion results reveal that the signal of body mass itself varies in space.
Global models mask these regional differences, whereas my combination of
phylogenetic and spatial analyses adds further understanding of the processes

underlying extinction risk.

Body mass

The striking spatial pattern for body mass impacts, with large species at higher
risk only in the tropics, does not stem from a latitudinal gradient in body mass
because mammals do not show such a simple pattern (Rodriguez et al. 2008,
chapter 5). Statistical power of my methods may play a role, because the observed
relationship between large body mass and high extinction risk is stronger in
ecoregions with more threatened species and a higher proportion of large species.
However, when controlling for these variables, body mass additionally influences
risk more strongly in areas with lower overall impact of historical agriculture.
This suggests the presence of an extinction filter (Balmford 1996), whereby
regions with a high agricultural impact throughout the past 300 years have lost
their large species already. The implication is that proportion of species threatened
due to large body mass should be highest at intermediate levels of land conversion
(Davies et al. 2008). Accordingly, current human impacts did not correlate with
body mass effects on risk here; presumably, most species susceptible due to large
size have already been removed in many areas with highest current anthropogenic

threat.

Data on historical extinctions and geographic distributions are patchy before the
19th century, but since then medium- and large-sized species in Europe, North
America and Australia have definitely suffered range contractions and local
extinctions (Ceballos and Ehrlich 2002). Many large species still exist in these
areas, but have experienced declines in recent history that are not reflected by
current Red List status, as these take only the last 10 years or three generations
into account (IUCN 2001). For example, the brown bear (Ursus arctos) and the
wolf (Canis lupus) are rated Least Concern (IUCN 2008). According to the
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threshold model of Barnosky (2008), both human and livestock biomass levels
have skyrocketed above normally supportable levels since the industrial
revolution, sustained by the mining of fossil fuels. If these increases throughout
the past 300 years and the related large-scale land conversion have caused
declines and local extinctions of large mammals in developed countries, they
would have left large species only in the tropics. There, agricultural land
conversion and human population have sharply increased only during the last few
decades, so the recent and ongoing declines of tropical large species are reflected

in the current Red List.

Current body mass patterns have also been shaped by extinction filters much
further in the past. Most obviously, the end-Pleistocene megafaunal extinctions
removed many large mammals everywhere except Africa. However, these
extinctions may have been selective on life-history speed rather than body size
itself (Johnson 2002), and were probably caused by a combination of human
influence and climate change that may itself have varied among regions (Burney
and Flannery 2005, Wroe et al. 2006): more recent large-scale anthropogenic
impacts are not directly comparable. Survivorship of large mammals in temperate
vs. tropical regions through the end-Pleistocene crisis needs to be investigated
more closely to assess whether these extinctions could have generated a present

pattern where large, slow-reproducing mammals are only extant in the tropics.

Nevertheless, my results provide evidence for a post-industrial extinction filter
that has already affected large mammals in temperate regions and is now affecting
those in the tropics. These body-mass effects might derive from underlying life-
history variation, with large size increasing extinction risk only in areas where
species have predominantly slow life histories and low reproductive output
(Cardillo et al. 2005). On the other hand, body mass remained a significant
variable in nearly all tropical ecoregions in my models fitting weaning age or
gestation length, which may suggest a life-history-independent effect of body
mass in the tropics. As I was not able to control for trait interactions on risk, our

results cannot distinguish whether the high tropical impact of body mass on risk is
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truly independent of life-history traits or whether it reflects an interaction between

body mass and life-history traits in the tropics.

Leaving life-history aside, there are two mechanisms by which large body mass
could directly affect risk, which I could not account for due to a shortage of
globally consistent data. Firstly, large mammals tend to have large home ranges,
so they are more likely to encounter threats (Woodroffe and Ginsberg 1998).
Home range size is positively correlated with extinction risk in global models, but
not in taxonomically or regionally restricted ones (Cardillo ef al. 2008). Secondly,
human exploitation preferentially targets large mammals, and hunting has been
shown previously to cause body mass selectivity in extinction risk (Owens and
Bennett 2000, Isaac and Cowlishaw 2004, Collen et al. 2006). Subsistence
hunting is largely confined to tropical regions and extracts more biomass in the
Afrotropics than in the Neotropics (Fa et al. 2002), which coincides well with
areas of strong body-mass effects on risk identified in this chapter. My results are
therefore consistent with the speculation that, in addition to habitat loss via land
conversion, subsistence hunting in the tropics contributes to the higher risk faced

by large species in the tropics than elsewhere.

Geographic range size

In accordance with global studies (e.g. Cardillo et al. 2008), I found a close
relationship of high extinction risk and small geographic range size. My ecoregion
results additionally show that small range sizes are consistently linked to high risk
across most of the world. This relationship appears not to be driven by narrow-
ranged endemics, because the proportion of narrow-ranged species within
ecoregions was not a significant predictor in my spatial analyses. At high northern
latitudes, low species richness and predominantly large range sizes may explain

the non-significant relationships (Davies et al. 2008).

Additionally, the composite measure of current human impact (PC1) was

significantly correlated with the influence of range size on risk, indicating that
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high human population densities, high appropriation of net primary productivity
and/or high economic development increase the effect of small geographic range
size on extinction risk. The overwhelming impact of range size on risk is thought
to stem from habitat loss, which affects species globally and narrow-ranged
species in particular (Baillie ef al. 2004, Scharlemann et al. 2005). Given that my
human impact measure incorporated land transformation as part of the human
influence index, my results may provide evidence for this link of habitat loss and
high threat in narrow-ranged species. However, my results may also emphasise
the role of more subtle habitat changes through extraction of ecosystem services,
especially since historical agriculture (another indicator for habitat loss in my
models) was non-significant here. I show that current human activities clearly
play a role in increasing risk for narrow-ranged mammals virtually everywhere,
but future studies should endeavour to separate the effects of different aspects of
human influence on the relation between geographic range size and extinction risk

(Luck 2007).

I am aware of two possible biases which could lead to consistently more
threatened Red List status for narrow-ranged species. First, if the distributions of
small-ranged species are mapped at a smaller grid resolution than larger-ranged
ones, estimates of range size for risk assessments are exaggerated for all but the
smallest ranges (Cowley et al. 1999), which could overestimate proportions of
threatened narrow-ranged species. This bias is unlikely to affect these analyses
because distribution maps usually overestimate range sizes for narrow-ranged
species (Jetz et al. 2008), and because I excluded species ranked as threatened due

to small range size only.

The second possible bias arises if most threatened mammals have already had
their ranges reduced, because then small current geographic ranges would reflect
susceptibility to human impacts. I found comparatively strong phylogenetic
pattern in the geographic range size data (A = 0.63, see Table 3-1). This may
indicate that either geographic range size can be more phylogenetically conserved

than previously thought (Webb and Gaston 2003) or that present range sizes
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include effects of phylogenetically selective susceptibility to human threats. This
result stresses a need to understand more about the factors that shape geographic

range size, both spatially and phylogenetically (e.g. Cooper et al. 2008).

Abundance and life-history traits

Species population density, gestation length and weaning age showed much more
spatially varied effects on extinction risk than body mass or geographic range
size. Clearly, data availability plays a larger role in these three models, with data
available for only about a quarter as many species as for body mass and range
size. However, over 75% of the ecoregion models were still based on more than

40 species.

My results show that low species population density is more strongly linked with
high extinction risk where current human impacts are high, indicating that
anthropogenic threats preferentially affect rare species, at least in some regions of
the globe. I also provide some evidence that human activities influence the effects
of reproductive timing and output on risk when controlling for body mass. High
spatial heterogeneity of trait effects may indicate that the spatial scale of this
study could be too large to separate mixed signals if extinction drivers vary within
ecoregions, given that impacts of life-history variables on risk are likely to be
linked to particular threats (Isaac and Cowlishaw 2004, Price and Gittleman
2007). The great importance of threatened species richness and proportion of large
species in the species population density and life-history models may be due to
the power of my method, but may also signify that low abundances and slow life
histories affect the extinction risk of large species more strongly (Cardillo ef al.

2005).

Conclusions

My regional models of extinction risk revealed strong global heterogeneity in both

the impact of biological traits and their interactions with the environment. Clearly,
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species extinction risk is determined by anthropogenic threats, environmental
factors, species traits and interactions between these, but my analyses have
highlighted some of the most important ones. I found that large size correlated
strongly with high extinction risk only in tropical regions which are characterised
by overall low historical agricultural impact, probably reflecting the effects of an
extinction filter acting over the past 300 years, and possibly of current subsistence
hunting. My results also indicated that small geographic range sizes predispose
species to extinction across much of the world, and that high current human
impact increases the effects of low species population density and slow life

history on risk.

Although these analyses are still on a larger scale than most protected areas, their
spatial resolution makes them more useful for practical conservation science than
global models. My results also emphasise the importance of including several
measures of both historical and current facets of anthropogenic threats, rather than
oversimplifying human impact to just current human population density. The
novel regional approach I used here illustrates and explains spatial heterogeneity
in risk processes across the globe. Yet, to improve our knowledge of extinction
risk further and to make predictions useful for conservation biologists on the
ground, we need to better separate the effects of different aspects of human
exploitation, and to better understand the reasons behind phylogenetic and spatial

patterns of biological traits that shape susceptibility.
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Chapter 4: Comparative analysis of extinction-risk

correlates in mammals, birds and frogs

Abstract

A large proportion of species are currently threatened by global extinction,
prompting a search for biological and anthropogenic predictors of species
extinction risk. Previous studies have generally focused on a single taxon or
region; here, I compare global effects of biological traits and anthropogenic-
impact measures across and within three taxa of vertebrates: mammals, birds and
frogs. Using phylogenetic comparative methods, I investigate correlates of the
within-family prevalence of extinction risk, both overall and broken down by

threat process (habitat loss, harvesting and invasive species).

Controlling for geographic range size, large body size emerges as a consistent
predictor of extinction risk from all types of threat, across and within taxa. The
influence of other variables tested is very heterogeneous: correlates differ with
both threat type and taxon. For example, mammalian risk from all threat types is
higher for families with lower levels of recent-historical agriculture in their
species ranges, indicating a previous extinction filter, while in frogs
anthropogenic variables exclusively predict risk from pollution and invasive
species. Across taxa and within mammals and birds, low human population
densities in species ranges correlate with overall high risk and risk from habitat
loss, further advocating historical extinction filter effects; conversely, risk from
harvesting is higher for species experiencing high human population densities in

their ranges.

Reproductive output and timing of reproductive bouts are surprisingly weakly

associated with risk measures in general, although at least one of these two factors
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predicts mammalian and avian risk from harvesting. The heterogeneity found for
risk from different threat types implies that extinction processes differ strongly
even within vertebrates, due to spatial variation in anthropogenic impacts and

threat process, and to the differences in biological susceptibility between taxa.

Introduction

Anthropogenic pressures such as habitat loss, overexploitation, and spread of
invasive species currently endanger between 12% and 30% of all known mammal,
bird and frog species (IUCN 2008). Studies of phylogenetic patterns in extinction
risk have found that threatened species constitute a non-random part of today’s
biota, caused by selectivity of anthropogenic threats on different biological traits
(Bennett and Owens 1997, Russell et al. 1998, Stuart et al. 2004). Previous
studies have investigated both biological and environmental correlates of
extinction risk, but these analyses have been focused within taxa or on certain
regions (see Fisher and Owens 2004, Purvis 2008 for recent reviews, and chapter
3). The aim of this chapter is to directly compare the global influence of human
impacts and ecological and life-history traits on extinction risk among and within

three major vertebrate taxa: mammals, birds and frogs.

The abundant evidence for phylogenetic selectivity both in present-day extinction
risk and in the fossil record does not directly imply that biological traits determine
extinction risk (McKinney 1997, Russell ef al. 1998, Purvis 2008, chapter 2).
Phylogenetic pattern can also be generated by selective knowledge about risk
(Bielby et al. 2006); I concentrate on three completely-assessed groups to reduce
this uncertainty (IUCN 2008). Further, the geographic variation in threat intensity,
together with the tendency for closely related species and clades to live in the
same regions, can cause phylogenetic non-randomness in extinction risk. Studies
on smaller spatial scales, where variation in threats is less probable, have shown

consistent phylogenetic pattern in extinction risk, strongly suggesting that biology
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plays a role in determining species’ fates (Bielby et al. 2006, Davies et al. 2008).
The analyses in this chapter focus on the global scale to investigate large-scale
patterns, but I investigate the influence of different measures of anthropogenic

impact in species’ ranges in addition to that of biological traits.

Global studies of extinction-risk correlates in mammals and amphibians have
exclusively made comparisons across species (e.g. Purvis et al. 2000b, Cardillo et
al. 2005, Cooper et al. 2008, Sodhi et al. 2008, chapter 3). On the other hand,
studies of global avian extinction-risk correlates include family-level analyses
(Bennett and Owens 1997, Owens and Bennett 2000, Norris and Harper 2004) as
well as species-level ones (Gaston and Blackburn 1995, Morrow and Pitcher
2003). There are also some apparent differences in correlates between taxa that
may have been caused by different methods: for example, geographic range size is
one of the most important predictors of extinction risk in mammals and
amphibians (e.g. Purvis et al. 2000b, Cooper et al. 2008), but global bird studies
have not controlled for its effects when looking at biological risk correlates
(Gaston and Blackburn 1995, Owens and Bennett 2000). To achieve
comparability between the three taxa and with previous studies, I analyse
extinction risk using the same modelling approaches for all taxa on a family level,
which also constitutes the first global family-level study of mammalian and

amphibian extinction risk.

Species-level analyses often suffer from low data availability: especially when
many biological correlates are investigated, models often have comparatively low
sample sizes (e.g. Bennett and Owens 1997, 2332 of 9702 bird spp., Cardillo et al.
2005, 404 phylogenetically independent contrasts for 4629 mammal spp.). Also,
many previous studies control for phylogenetic non-independence on the species
level using taxonomic rather than phylogenetic information (e.g. Gaston and
Blackburn 1995, Cooper et al. 2008, Sodhi et al. 2008), but analyses at higher
taxonomic levels can employ phylogenies and alleviate bias caused by patchy
knowledge. Here, I compile a comprehensive global family-level dataset from

species geographic range maps and large species-level databases of mammals,
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birds and frogs, and use phylogenetically explicit comparative analyses with a
composite, family-level phylogeny to investigate both biological and

anthropogenic correlates of current extinction risk.

I concentrate on the following variables because they have been named as main
correlates of extinction risk for some or all of the three taxa of interest: species
geographic range size, body mass, reproductive output and timing, habitat
specificity, and current and historical human pressures throughout a species’
range (reviewed by Fisher and Owens 2004, Purvis 2008, chapter 3). My analyses
include both biological and anthropogenic variables, because human threats and
biological traits interact to shape extinction risk (Fisher ez al. 2003, Cardillo ef al.
2004, Davies et al. 2006, Sodhi et al. 2008, chapter 3). Local and global studies
have revealed that correlates of extinction risk differ between taxa, among regions
and between different threat types, because biological traits as well as threat types
and their intensity show spatial variation (Owens and Bennett 2000, Isaac and
Cowlishaw 2004, Price and Gittleman 2007, Cardillo et al. 2008, chapter 3). Here,
I endeavour to separate some of the different processes by building phylogenetic
comparative models for each main threat type, i.e., I investigate correlates of
overall extinction risk as well as of risk attributed to habitat loss, overexploitation

and invasive species.

Methods

Dataset and phylogeny

Datasets were matched to the taxonomies of Wilson & Reeder (2005) for
mammals, Sibley & Monroe (1990) with updates following Monroe and Sibley
(1993) for birds, and Frost (2008) for frogs. I focus on anurans rather than include
all amphibians because life-history data on caudates and caecilians are scarce and

very patchy geographically. The taxonomies I used list 153 families for mammals,
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146 families for birds, and 48 families for frogs. Since anthropogenic variables
and habitat specificity were obtained from terrestrial data sets, I completely
excluded 16 marine mammalian families from the data set (both sirenian families,
the dugongs and manatees; three families of carnivores, the pinnipeds; and all 11
cetacean families). Marine birds were excluded from all data obtained from the
species geographic ranges, with the definition of the 121 marine species following
Orme et al. (2005). Additionally, two mammalian families did not have Red List
rankings for any of their species: Notoryctidae (marsupial moles, 2 spp.) and

Heptaxodontidae (giant hutias, 4 spp.).

Because I used phylogenetic comparative methods (see below), I additionally had
to exclude families not in the phylogenies. For the mammals, a supertree of 5020
species (Bininda-Emonds et al. 2007, chapter 3) was collapsed to family level,
encompassing 148 families. I resolved 18 non-monophyletic families by placing
them where their nominal genus was, and three further ones with non-
monophyletic nominal genera by placing them at the location of their nominal
species. Families not included in this phylogeny were extinct: Chaeropodidae
(Pig-Footed Bandicoot), Nesophontidae (nesophontid shrews, 9 spp.), Prolagidae
(Mediterranean Giant Pika), and Thylacinidae (Thylacene). The final mammalian
phylogeny (excluding marine families and families not qualifying for the response
variable) contained 131 families (see Appendix C, Figs. C-3 and C-4), with the

root node for all living mammal families dated as 166.2 million years ago (Mya).

The bird phylogeny used was from Sibley & Ahlquist (1990), which excludes
Aramidae (Limpkin), Brachypteraciidae (ground-rollers, 5 spp.), Callacatidae
(wattlebirds, 3 spp.), Hypocoliidae (Hypocolius), Mesitornithidae (mesites, 3
spp.), Philepittidae (asities, 4 spp.), Picathartidae (bald crows, 4 spp.),
Pluvianellidae (Magellanic Plover), and Raphidae (dodos and solitaires, 3 spp.).
Although more recent bird phylogenies are available, these suggest that some
passerine families as defined by Sibley and Monroe (1990) may not be
monophyletic (Barker ef al. 2004), and they dispute many of their higher-level
taxonomic groups (Ericson ef al. 2006, Baker et al. 2007, Hackett et al. 2008). As
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the geographic ranges and life-history data followed the taxonomy of Sibley and
Monroe (1990) with updates from Monroe and Sibley (1993), I was constrained to
use the matching phylogeny.

Sibley and Ahlquist (1990) recommend multiplying non-passerine branches by a
factor of 4.7 and passerine ones by 2.3 to obtain branch lengths in million years
(their phylogeny has branch lengths estimated from DNA-DNA hybridisation
rates). This dates the non-passerine—passerine split at 101.5 Mya, and the first
split within passerines at 45.3 Mya. More recent studies give widely differing
dates for initial passerine diversification, especially because of the lack of fossils
from that time (Brown et al. 2008), but most concur that the divergence of living
passerine families was much earlier, between 82 and 107 Mya (Barker et al. 2004,
Pereira and Baker 2006, Brown et al. 2008). Multiplying all branches by the
factor of 4.7 positions the first divergence within passerines at 92.59 Mya, which
seems more reasonable than the original recommendation. I therefore decided to
apply this transformation to all branches of the phylogeny, which also means the
dating of other passerine nodes better approximates dating from a more recent
molecular phylogeny (Barker ef al. 2004). The final bird phylogeny had 137
families, with the first divergence of living bird families dated as 131.6 Mya (see
Appendix C, Figs. C-5 and C-6).

For the frog phylogeny, I collapsed the species phylogeny estimated by Roelants
et al. (2007), constrained to the backbone topology of Frost et al. (2006), to
family level. Five missing families were grafted in at the positions they are in
Frost et al. (2006), with each new node halfway between its neighbouring nodes:
Amphignathodontidae (Brazilian treefrogs and marsupial frogs, 61 spp.),
Aromobatidae (cryptic forest frogs, 94 spp.), Cryptobatrachidae (backpack frogs
and Stefania treefrogs, 21 spp.), Hemiphractidae (horned treefrogs, 6 spp.), and
Hylodidae (torrent frogs, spinythumb frogs and big-tooth frogs, 40 spp.). The
taxonomy used, Frost (2008), contains three very recently defined families of rain
frogs, i.e. Craugastoridae (114 spp.), Eleutherodactylidae (199 spp.) and

Strabomantidae (539 spp.), which were previously all contained in
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Brachycephalidae (Frost ef al. 2006). Taxon sampling and resolution for these
families is insufficient in both Frost ef al. (2006) and Roelants ez al. (2007), so I
created a polytomy of the four families descending from the node that is the last
common ancestor for all their species in the Roelants et al. (2007) phylogeny. The
final anuran family phylogeny contained all 48 families recognised by Frost et al.
(2008); the root node for all living frog families was dated as 237.4 Mya
(Appendix C, Fig. C-2).

Finally, to obtain a composite phylogeny for all the groups used, I combined the
phylogenies, with mammals and birds as sister clades (comprising the Amniota) to
the exclusion of anurans (Amphibia; Appendix C, Fig. C-1). The Amphibia-
Amniota split was placed at 355 Mya and the Mammalia-Aves split at 323 Mya
(Pereira and Baker 2006, Marjanovi¢ and Laurin 2007). The final phylogeny
contained 316 families in total (Appendix C, Figs. C-1 to C-6). After all
exclusions, the total species and family numbers in the datasets were as follows:
5273 mammalian species in 131 families, 9677 bird species (9556 non-marine) in
137 families, and 5602 frog species in 48 families. Proportional data availability

for all variables was computed using these numbers (Table 4-1).

I collated data on extinction risk and threat type classifications from several
versions of the [UCN Red List of Threatened Species. All mammal data were
extracted from the Global Mammal Assessment (GMA, IUCN 2008). Extinction-
risk rankings for birds and frogs were from the previous edition of the Red List
(IUCN 2007) because I generated the dataset before the latest version was
published, and there have been very few species changing risk category for these
two groups. Threat classifications for birds were from BirdLife
(http://www.birdlife.org, accessed December 2008) and the Global Amphibian
Assessment (GAA, ITUCN et al. 2004, updated in 2008 using information on the

website).

The measure of overall extinction risk was the proportion of threatened species

within families. Species were defined as threatened if they were ranked in one of
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Table 4-1. Data availability for all variables in the dataset.

For each variable in mammals (M), birds (B) and frogs (F), the total number and

percentage of species for which data were available are shown, as well as the

number of families and means of within-family percentages of species for which

data were available (see Methods for total species and family numbers of each

taxon). Species geographic range size was measured in km®. Mean human popula-
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Table 4-1. Caption continued from previous page.

tion density (HPD, in individuals/km®), proportion of cropland in 2000 and the
historic agriculture index were computed within species ranges. Habitat specificity
was defined on the basis of Simpson’s index, adapted to biomes within species
ranges. Body size was measured as species body mass (g) for mammals and birds
and as snout-vent-length (mm) for frogs. Reproductive output was litter or clutch
size; reproductive timing was the number of litters or broods per year for mammals
and birds, and the length of the breeding season (months) for frogs. Species gesta-
tion length and weaning age were measured in days. A species’ diet breadth was
the number of diet categories, which were defined as follows: vertebrates, inverte-
brates, fruit, flowers/nectar/pollen, leaves/branches/bark, seeds, grass and roots/
tubers for mammals; vertebrates, invertebrates, nectar/sap, fruit/berries, foliage,
seeds/nuts and other plant parts for birds. Possible trophic levels were herbivore,
carnivore, and omnivore. Development types for frogs were larval, direct or
viviparous. See Methods for details on computation of family estimates for each

variable.

the three threatened categories on the Red List (Vulnerable, Endangered or
Critically Endangered), or if they were ranked as Extinct or Extinct in the Wild
(IUCN 2008). Species ranked as Data Deficient or species not included in the Red
List (domesticated species or taxonomic mismatches) were excluded from the
analyses. Total numbers of threatened species were: 1087 threatened and 67
extinct mammalian species (25.5% of species with known extinction risk), 1086
threatened and 82 extinct bird species (12.3%), and 1539 threatened and 33
extinct frog species (40.0%).

Previous studies have also excluded threatened species not ranked under criterion
A (extinction risk due to population declines) because the other criteria are
directly or implicitly based on geographic range or population size (IUCN 2001);
using geographic range size as an explanatory variable is circular if threatened
species include those ranked under other criteria than A (Purvis et al. 2000b). On
the other hand, correlates of extinction risk if only species ranked under criterion

A are used are effectively correlates of decline, which may well be different from
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correlates of overall extinction risk. Also, the [IUCN Red List only specifies the
criteria under which a species qualified for the final risk classification, so it is
unclear whether species qualified for lesser categories under different criteria, and
how many criteria species could be assessed for given the data. Additional bias is
added because population decline data are usually available for well-known
species only, which tend to be the larger ones; including body size in models of
extinction risk when excluding species not ranked under criterion A may therefore
be circular as well. Finally, proportions of threatened species ranked under
criterion A only are very small (between 4% and 9% of species with known
extinction risk for mammals, birds and frogs, [IUCN 2008). I therefore did not
exclude these species; as a consequence, all results for geographic range size have

to be interpreted with due caution.

I also investigated extinction risk caused by the most important types of current
threat in the three taxa: Habitat loss, harvesting, and invasive species for all taxa,
and pollution for frogs (non-marine mammal and bird species numbers affected
by pollution are negligible). Data Deficient species and threatened species that
were affected by unknown threats were excluded. I call these further response
variables “risk from habitat loss”, “risk from harvesting” etc., to shorten the
accurate description (e.g. for habitat loss: the within-family proportion of species
classified as threatened, Extinct or Extinct in the Wild that were affected by
habitat loss). Of threatened species, the following species numbers were affected
by the main threat types: habitat loss, 984 mammalian (90%), 1042 bird (90%)
and 1407 anuran species (93%); harvesting, 471 mammalian (44%), 408 bird
(35%), and 81 anuran species (5%); invasive species, 192 mammalian (18%), 353

bird (31%), and 122 anuran species (8%); and pollution, 508 anuran species

(34%).

Species range maps were digitised polygons representing extent of occurrence
(breeding ranges for birds) and were obtained from the GMA (IUCN 2008), Orme
et al. (2005) and the GAA (IUCN et al. 2006). From these, historical ranges and

b9

range parts labelled as “presence uncertain”, “introduced origin” and “extinct”
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were excluded. I also excluded frog species from the GAA that were listed as
‘incertae sedis’ in the taxonomy of Frost (2008). While the bird ranges have been
compiled using the taxonomy I follow, both the GMA and the GAA used other,
unpublished taxonomies, derived from those I follow. Matching anuran GAA
range maps to this taxonomy involved some renaming and merging: 5133 species
range maps corresponded to 5068 ones in Frost’s (2008) taxonomy. From the
GMA, 130 species ranges were excluded from the dataset because they were not
included in the taxonomy I followed (Wilson and Reeder 2005). Also, 56 species
ranges were added to the mammal set by splitting existing GMA ranges, and 40

species ranges missing from the GMA set were added from Jones et al. (2009).

Geographic range size was extracted from the polygon range maps in Behrmann
projection (see Table 4-1 for species coverage). Measures of anthropogenic
impact and habitat specificity were also extracted from the species ranges. I used
mean human population density (CIESIN and CIAT 2005) and the proportion of
cropland (European Commission and Joint Research Centre 2003) within species
ranges, both measured in 2000, as variables representing current human pressures.
To calculate proportion of cropland, cells in category 16 (cultivated and managed
areas) were defined as 100% cropland, and cells in categories 17 or 18 (mosaic of
cropland with other land cover) as 50% cropland. As an index of historical
agriculture within species ranges, proportions of a species’ range that were
cropland or pasture were summed across the years 1700, 1750, 1800, 1850, 1900,
1950, and 1990 (Klein Goldewijk 2001). Habitat specificity was computed from
the species ranges using an adaptation of Simpson’s diversity index, i.e., the sum
of the squared proportions of a species’ range within each of the 14 global biomes
defined by Olson ef al. (2001). Overall data availability for measures extracted
from the range maps was good (Table 4-1), although most of the data sets exclude

oceanic islands.

For each of the three taxa, variables describing body size, reproductive output and
reproductive timing were represented in the dataset, but I also used additional

variables in taxon-specific models (see Table 4-1 for a comprehensive list). Body-
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mass and life-history data were taken from published datasets for mammals (Jones
et al. 2009) and birds (Olson et al. 2009). For frogs, I extended the global dataset
from Cooper et al. (2008), incorporating published datasets for Australia
(Williams and Hero 1998, Hero et al. 2005) and data collected from published
literature, field guides, and AmphibiaWeb (2008, see Appendix D for the full list
of references). My final frog dataset included 1769 species, nearly tripling the
dataset used by Cooper et al. (2008). Within species, mean snout-vent length
(SVL), clutch size and length of breeding season were calculated from multiple
records, weighting male and female estimates for SVL equally. Before calculating
species means, an error-checking script was run in R, and extreme outliers were
excluded. I used greedy algorithms to calculate species estimates, i.e. if only a
minimum or maximum estimate of any variable was available, this was used as
the mean (this was the case for only 144 SVL values and 19 clutch size values,
which were checked for consistency with their congeners). I supplemented these
data with development type, scored by the GAA for virtually all species (IUCN et
al. 2004, updated in 2008 using information on the website).

For mammals, weaning age and gestation length are alternative measures of
reproductive output and timing (see chapter 3), and for birds, incubation length
was an additional fecundity measure with better species coverage. I chose litter /
clutch size and litters / broods per year as variables for the dataset containing all
taxa because high values for these additional variables indicate fast life-history
speed or high output, which matches the only available measure for frogs (length
of breeding season). Age at sexual maturity, population density and home-range
size, which are also contained in the mammal database, were not used. The first is
another life-history variable but has worse species coverage than the four other
measures (983 species or 18.7% of mammals); the latter two are available for
even fewer species (936 and 704 species, 17.8% and 13.4%) and are strongly
correlated with body size, so they severely overinflated model variances in
combination with the fecundity measures. Similarly, freshwater dependence for
frogs is also provided by the GAA for most species (IUCN et al. 2004), and I had

classified oviposition site, development habitat and adult life style in my dataset.
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However, all of these were strongly collinear with development type, so only

development type was used in the modelling.

All strictly continuous variables (non-categorical variables that were also neither a
proportion nor an index) were log-transformed prior to computing family
estimates. Family estimates for each variable were generally computed as the
median of all available species values within each family, with the exception of
variables representing indices and categorical variables. For the historic
agriculture index, the habitat specificity index and diet breadth, family means of
species values were used. For categorical variables, I calculated proportions of
species for selected categories within families, excluding species with unknown
category: trophic level was represented by the proportions of herbivores and
carnivores within families, and development type by the proportion of larval

developers.

Phylogenetic analyses

Given the strong phylogenetic structure usually found in extinction risk and its
correlates (Purvis 2008, chapter 2), it was important to control for variable
amounts of phylogenetic non-independence when modelling extinction risk
correlates. I used phylogenetic generalised linear models (PGLMSs, Freckleton et
al. 2002, see chapter 3), run in R version 2.8.0 (R Development Core Team 2008)
using the contributed package CAIC (Orme et al. 2008). Prior to fitting PGLMs, I
investigated variance inflation factors for corresponding non-phylogenetic models
(VIFs, Fox 2007) and only fit models where all VIFs were below four. The
current implementation of PGLMs in CAIC does not fit a link function (Orme et
al. 2008), so transformation of the response variables was necessary, because
these were proportions. I applied the classic arcsine-square root transformation to
the response variables, because the more modern logit transformation is infinite

for values of zero, which were quite common in the dataset (Crawley 2007).
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For each response variable, i.e. overall extinction risk and risk from habitat loss,
harvesting and invasive species, a model was fit across the three taxa of interest
containing geographic range size, the anthropogenic variables, habitat specificity,
body size, reproductive output, reproductive timing and number of species. For
comparison, I fitted the same models within each taxon as well. All models
controlled for species richness (log-transformed), but I do not describe results for
this variable in detail because a regression of a ratio on its denominator is often
significant (Crawley 2007). Therefore, no inference should be made about the

association of extinction risk and species richness from my models.

Additional taxon-specific models in mammals included gestation length and
weaning age as alternative measures for reproductive output and timing, as well as
diet breadth and proportion of herbivores, to make them comparable to previously
published studies (e.g. Purvis ef al. 2000b, Jones et al. 2003, Cardillo et al. 2005).
Because incubation length as an alternative measure for reproductive timing was
strongly collinear with body mass and caused severe variance inflation, I did not
include it in the bird-specific models; also, previous studies have incorporated
broods per year, so using this variable again increases comparability (Bennett and
Owens 1997, Owens and Bennett 2000). The predictors in the bird-specific
models were the same as in the cross-taxon model but additionally included diet
breadth. Taxon-specific models for frogs included proportion of larval developers
as an additional variable, and extinction risk from pollution was a response

variable only available for frogs.

While common practice in ecology and evolution, the use of stepwise modelling
and minimum adequate models (MAMs, e.g. Crawley 2007) is increasingly
critisised, because this approach is known to be biased in parameter estimation,
inconsistent in model selection algorithms, to have inflated type I error rates, and
to inherently test multiple hypotheses (Whittingham et al. 2006, Mundry and
Nunn 2009). Therefore, I report only results of the full models, which also

increases comparability between the different explanatory variables and taxa.
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Results

Mammalian, avian and anuran families showed very different frequency
distributions for the different proportions of threatened species (Fig. 4-1). Patterns
for risk from habitat loss were generally very similar to patterns for overall
extinction risk, with slight differences only within birds; far fewer families had a
substantial proportion of threatened species affected by harvesting or invasive
species than by habitat loss. Harvesting affected mammals more than it did birds
and frogs, and was a greater threat than invasive species for mammals; for birds,
invasive species seem to have affected some families much more than harvesting.
Hardly any anuran families were largely threatened by harvesting or invasive
species, but overall extinction risk and risk from habitat loss was relatively higher

than for mammals and birds.

Fig. 4-2 shows the general relationships between overall extinction risk and the
variables that were available for all taxa. PGLMs showed that narrow geographic
range size and large body size were the most consistent predictors of extinction
risk, but correlates of extinction risk differed between taxa and threat types
(Tables 4-2 to 4-5). Across all taxa, families with narrower species geographic
range sizes, larger body size, smaller human population density (HPD) and higher
proportion of cropland in the species ranges had significantly higher overall
extinction risk (Table 4-2). Fitting exactly the same models within taxa led to
some differences; notably, high extinction risk in mammals was more associated
with low historic agricultural impacts than with low HPD and high proportions of
cropland. Also, high extinction risk in frogs was exclusively associated with
narrow species ranges and large body size, while bird models broadly reflected
results across all taxa. Habitat specificity and reproductive parameters were not

associated with overall extinction risk in these models.

Results for extinction risk from habitat loss were very similar, with narrow
species range size and large body size as the main correlates of high risk (Table 4-

3). High risk from habitat loss in mammals was correlated with low HPD, high
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Fig. 4-1. Histograms of the within-family proportions of threatened

species under different extinction-risk measures within and across taxa.

Definitions of extinction-risk measures were: extinction risk, proportion of species
classified as threatened, Extinct or Extinct in the Wild; habitat loss, proportion of

species classified as threatened, Extinct or Extinct in the Wild that were affected by
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Fig. 4-1. Caption continued from previous page.

habitat loss; harvesting, proportion of species classified as threatened, Extinct or

Extinct in the Wild that were affected by harvesting (hunting/gathering); invasive

species, proportion of species classified as threatened, Extinct or Extinct in the

Wild that were affected by invasive species.

All taxa Mammals Birds Frogs
N 281 123 121 37
AlIC 125.4 101.3 -8.6 18.8
R’ 43.0 50.5 48.5 57.2
A 0.25 0.13 <0.01 <0.01
Py 0.048 n.s. n.s. n.s.
Geographic range size -0.117%** -0.146%** -0.087%** -0.115%%*
Human popltn. density -0.078%** -0.076* -0.106%** n.s.
Cropland 0.951%** 1.230** 1.001** n.s.
Historical agriculture -0.052(*) -0.139%* n.s. n.s.
Habitat specificity n.s. n.s. n.s. n.s.
Body size 0.051*** 0.046%** 0.063*** 0.478%*
Reproductive output n.s. n.s. n.s. n.s.
Reproductive timing n.s. n.s. n.s. n.s.
Species number 0.036** 0.041(*) 0.050%** n.s.

Table 4-2. Results of PGLMs for overall extinction risk within and

across taxa.

The response variable was the within-family proportion of species classified as

threatened or extinct. For each model, the sample size N (number of families in the

model), AIC value, R? in percent, estimated A and the P-value of a Xz—test for A=0

are given. Slope estimates and their significance are given for significant variables;

n.s. designates non-significant variables in the full model.

For wvariable

explanations, see Table 4-1 and Methods. Levels of significance: (*) 0.05<P<0.10;
* P<0.05; ** P<0.01; *** P<0.001.
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Fig. 4-2. (Previous pages). Scatterplots of extinction risk vs.
anthropogenic threats and biological traits across mammalian, avian

and anuran families.

The measure for extinction risk was the within-family proportion of species
classified as threatened, Extinct or Extinct in the Wild (arcsine-square root trans-
formed). The species values for variables shown on x-axes were log-transformed
before computing family estimates, apart from proportion of cropland and the

habitat specificity and historic agriculture indices (see Methods and Table 4-1).

All taxa Mammals Birds Frogs
N 275 118 120 37
AIC 43.7 72.2 -71.1 18.2
R? 42.4 49.9 49.2 52.7
A 0.21 <0.01 <0.01 <0.01
P;—o n.s. n.s. n.s. n.s.
Geographic range size -0.078*** -0.106%** -0.052%** -0.099**
Human popltn. density -0.041* -0.069* n.s. n.s.
Cropland 0.535% 1.154%* n.s. n.s.
Historical agriculture n.s. -0.123* n.s. n.s.
Habitat specificity n.s. n.s. n.s. n.s.
Body size 0.060%*** 0.055%** 0.059%** 0.426*
Reproductive output n.s. n.s. n.s. n.s.
Reproductive timing n.s. n.s. n.s. n.s.
Species number 0.058%** 0.078*** 0.062%** n.s.

Table 4-3. Results of PGLMs for extinction risk from habitat loss

within and across taxa.

For explanations see Table 4-2. The response variable was the within-family pro-
portion of species classified as threatened or extinct that were affected by habitat

loss.
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proportions of cropland and low historic agricultural impact, while high risk in

birds and frogs was not associated with any anthropogenic variable.

Although small geographic range, large body size and high species richness were
still the most consistent predictors of high risk, models for extinction risk from
harvesting differed in many other aspects (Table 4-4). Most notably, there was a
(weak) positive association of HPD and risk across all taxa and within mammals,
while cropland was non-significant in all models. Additionally, different life-
history variables were associated with risk from harvesting, although associations

were in different directions within taxa. In frogs, no variable was significant.

All taxa Mammals Birds Frogs
N 275 118 120 37
AIC -17.0 46.4 -117.8 -37.9
R? 49.8 59.9 55.0 31.4
A <0.01 <0.01 <0.01 <0.01
P;—o n.s. n.s. n.s. n.s.
Geographic range size -0.029%* -0.060%*** -0.030%** n.s.
Human popltn. density 0.030(*) 0.058(*) n.s. n.s.
Cropland n.s. n.s. n.s. n.s.
Historical agriculture -0.077** -0.117* -0.010%* n.s.
Habitat specificity n.s. n.s. -0.287* n.s.
Body size 0.082%*** 0.079%** 0.075%** n.s.
Reproductive output n.s. -0.120* 0.064* n.s.
Reproductive timing -0.081* -0.112(*) n.s. n.s.
Species number 0.043%** 0.040* 0.056%** n.s.

Table 4-4. Results of PGLMs for extinction risk from harvesting within

and across taxa.

For explanations see Table 4-2. The response variable was the within-family
proportion of species classified as threatened or extinct that were affected by

harvesting (hunting/gathering).
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Models for risk from invasive species were quite different from the other models
(Table 4-5). Narrow geographic ranges and low HPD consistently predicted high
risk from invasives across and within all taxa; large body size was also significant
apart from the within-birds models. Across all taxa and within mammals, high
proportions of cropland and low historic agricultural impacts were also correlated
with increased extinction risk from invasive species. In frogs, high habitat
specificity was significantly associated with high risk. Some reproductive
parameters were significant in all models apart from the within-frogs one, but
associations were generally positive (i.e., high reproductive output and high

output per unit time were associated with increased risk).

All taxa Mammals Birds Frogs
N 275 118 120 37
AlIC -51.3 13.9 -45.4 -14.5
R? 30.3 33.3 38.1 59.7
A 0.66 0.20 0.56 <0.01
P;—o <0.001 n.s. n.s. n.s.
Geographic range size -0.071%** -0.074%** -0.080%** -0.052*
Human popltn. density -0.088%** -0.099%** -0.047(*) -0.122%%*
Cropland 0.442* 0.840% n.s. n.s.
Historical agriculture -0.045(%) -0.086%* n.s. n.s.
Habitat specificity n.s. -0.370(*) n.s. 0.816%*
Body size 0.018%* 0.017(*) n.s. 0.309*
Reproductive output 0.035* n.s. 0.076(*) n.s.
Reproductive timing 0.111%* 0.189%* n.s. n.s.
Species number n.s. n.s. n.s. -0.072%*

Table 4-5. Results of PGLMs for extinction risk from invasive species

within and across taxa.

For explanations see Table 4-2. The response variable was the within-family

proportion of species classified as threatened or extinct that were affected by

invasive species.
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Mammal-specific models confirmed previously-described results, with geographic
range size, body size and historic agricultural impact as the main correlates of all
measures of extinction risk (Table 4-6). However, HPD and proportion of
cropland were not significant in the models for overall and risk from habitat loss.
High weaning ages were significantly associated with high overall risk and high
risk from habitat loss and harvesting; the association was negative for risk from
invasive species. Additionally, trophic level mattered in all models (only weakly

for risk from harvesting), with a low proportion of herbivores within families

Ext;;nscl(tlon Habitat loss Harvesting I:[::lcsile‘;e
N 110 107 107 107
AlIC 79.2 57.5 52.9 19.4
R? 54.6 56.0 61.0 38.2
A <0.01 <0.01 <0.01 0.19
P;— n.s. n.s. n.s. n.s.
Geographic range size -0.157*** -0.129%** -0.078*** -0.084%***
Human popltn. density n.s. -0.057(*) 0.063* -0.122%**
Cropland n.s. n.s. n.s. 1.014**
Historical agriculture -0.147** -0.133* -0.109* -0.109*
Habitat specificity n.s. n.s. n.s. n.s.
Body size 0.041%* 0.042%%* 0.080*** 0.035%*
Gestation length n.s. n.s. 0.071(%) n.s.
Weaning age 0.104* 0.124** 0.099* -0.087*
Diet breadth n.s. n.s. n.s. n.s.
Proportion of herbivores ~ -0.221** -0.250%* -0.138(*) -0.136%*
Species number n.s. 0.052%* 0.041(*) n.s.

Table 4-6. Results of mammal-specific PGLMs for different extinction

risk measures.

The response variables were overall extinction risk, extinction risk from habitat
loss, extinction risk from harvesting, and extinction risk from invasive species (see

Methods for details). For further explanations see Table 4-2.
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consistently associated with high risk. Diet breadth was never significant, and

gestation length was only very weakly associated with risk from harvesting.

The bird-specific models also gave broadly similar results to results from models
containing fewer variables (Table 4-7); as in mammals, diet breadth was never
significant. Frog-specific models also reflected the models discussed before, and
proportion of larval developers did not correlate with any of the extinction-risk
measures (Table 4-8). High extinction risk from pollution in frogs was

significantly associated with narrow species ranges, low HPD and large body size.

EXt;?scl:lon Habitat loss Harvesting I:;:,;sile‘;e
N 104 104 104 104
AIC -31.3 -66.7 -89.7 -29.6
R’ 53.5 49.8 55.8 41.1
A <0.01 <0.01 <0.01 <0.01
P;—o n.s. n.s. n.s. n.s.
Geographic range size -0.117%%* -0.080%** -0.041%* -0.100%***
Human popltn. density -0.116** -0.084** n.s. n.s.
Cropland 1.045% 1.005%* n.s. n.s.
Historical agriculture n.s. n.s. -0.112%* n.s.
Habitat specificity -0.457* -0.332(*) -0.417* -0.515%*
Body size 0.061*** 0.061*** 0.078%** 0.026(*)
Reproductive output n.s. 0.074(*) 0.063(*) n.s.
Reproductive timing n.s. n.s. n.s. n.s.
Diet breadth n.s. n.s. n.s. n.s.
Species number 0.042%* 0.054%** 0.054%** n.s.

Table 4-7. Results of bird-specific PGLMs for different extinction risk

measures.

For explanations see Table 4-6.
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Extinction . Invasive .
risk Habitat loss species Pollution
N 37 37 37 37
AIC 21.9 21.2 -13.1 1.4
R’ 57.6 53.2 61.8 60.5
A <0.01 <0.01 <0.01 >0.99
Py n.s. n.s. n.s. 0.078
Geographic range size -0.109%* -0.092%** -0.043* -0.0971 ***
Human popltn. density n.s. n.s. -0.120%* -0.118*
Cropland n.s. n.s. n.s. n.s.
Historical agriculture n.s. n.s. n.s. n.s.
Habitat specificity n.s. n.s. 0.928* n.s.
Body size 0.485% 0.434%* 0.320%* 0.348%*
Reproductive output n.s. n.s. 0.047(%) n.s.
Reproductive timing n.s. n.s. n.s. n.s.
Larval development n.s. n.s. n.s. n.s.
Species number n.s. n.s. -0.078** n.s.

Table 4-8. Results of frog-specific PGLMs for different extinction risk

measures.

For explanations see Table 4-6.

Discussion

Apart from consistent associations of extinction risk with geographic range size

and body size, there was strong heterogeneity in correlates of extinction risk

across taxa and between different threats. This high variation when applying the

same models to different taxa indicates that extinction processes are complex, and

that impacts of many biological traits are taxon-specific even within terrestrial

vertebrates. My results also confirm that susceptibility and the traits increasing it

depend on the anthropogenic threats experienced (e.g. Owens and Bennett 2000,
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Isaac and Cowlishaw 2004): overall extinction risk tended to reflect the
overwhelming effects of habitat loss, but correlates for risk from harvesting and

invasive species differed substantially.

Given that I included species listed as threatened under all criteria by the [UCN
Red List, the consistent association of high risk with small species range sizes is
far from surprising, and these results should be interpreted with caution. Many
other studies, especially those excluding species listed due to small range sizes,
have convincingly shown that geographic range size is one of the most important
predictors of extinction risk or decline in mammals (e.g. Purvis et al. 2000b,
Cardillo et al. 2008), birds (Blackburn and Gaston 2002, Gage et al. 2004), and
amphibians (Hero et al. 2005, Cooper et al. 2008, Sodhi et al. 2008). Equally,
species richness was controlled for in the models, but no inference about the
relationship between extinction risk and species richness can be made because I

was regressing a ratio on its denominator.

Large body size is thought to increase susceptibility due to the larger home ranges
of large species: species with large home ranges require more intact habitat, and
are more likely to encounter hunters (Harcourt 1998, Woodroffe and Ginsberg
1998). Controlling for range size effects, I find consistent evidence for a global
correlation of large body size with high extinction risk, both across and within
taxa and under different threats, with the only exception of risk from invasive
species in birds. This association is much stronger than expected from previous
studies claiming that the influence of body size on risk depends on interactions
with life-history traits (Cardillo et al. 2005, Price and Gittleman 2007), on the
region under study (Cardillo ef al. 2008, chapter 3), and on the threat experienced
(Owens and Bennett 2000, Isaac and Cowlishaw 2004, Price and Gittleman 2007).
The use of family-level estimates of extinction risk in my study is likely to
obscure such variation at the species level, and my global analyses cannot capture
regional heterogeneity. At high taxonomic levels and large spatial scales,
however, my results convincingly show that large body size consistently predicts

high risk status in vertebrates.
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Anthropogenic impacts

Human population density (HPD) was generally negatively correlated with
extinction risk across taxa and within mammals and birds, but its association with
extinction risk from harvesting was significantly positive across taxa and within
mammals. The positive correlation is easily explained: within areas where
harvesting occurs, places with higher HPD have increased hunting pressure
through their better infrastructure and sheer number of people (Fa ef al. 2002,
Laurance ef al. 2006). This would put species that are susceptible to harvesting at

higher risk in these places (e.g. Bodmer ef al. 1997, Fa et al. 2005).

For other threat processes, families with low HPD throughout most species ranges
had higher proportions of threatened species, which seems less intuitive than
results for risk from harvesting. Together with the negative associations of
extinction risk with historic agriculture, the negative associations with HPD could
imply that human extinction filters have already shaped today’s vertebrate
diversity (Balmford 1996, chapter 3). Families whose species’ ranges were subject
to lower agricultural impact over the past 300 years were at higher risk; this
association was strong in mammals for all threat types, and occurred in birds
threatened by harvesting. On large spatial scales, species still occurring in places
with high HPD and high levels of recent-historical agriculture may be adapted to
coexistence with humans and tend not to be threatened, while many threatened
species seem to occur in places with comparatively low historic impacts. As the
Red List only takes recent, ongoing or projected declines into account (IUCN
2001), species that have already declined in historical times but now exist in
stable populations are not flagged as currently threatened, unless they are very
restricted in numbers or distribution (see also chapter 3); this could add to the
apparent extinction-filter signal in my results, where mostly families whose
members have previously experienced agricultural land conversion are at high

risk.
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The negative association with HPD could also arise from the family-level scale I
use, together with spatial scale effects in the impacts of HPD (Luck 2007). HPD is
a rough measure of overall anthropogenic impact, and correlates with threatened
species richness in global spatial analyses but not within biogeographical realms,
where there is less spatial variation in HPD (Davies et al. 2006). Thus, a large-
scale, positive spatial correlation may not be detectable when comparing family-
level estimates phylogenetically, as families usually have compact rather than

global ranges.

For frogs, no anthropogenic threats significantly predicted family-level overall
extinction risk and risk from habitat loss, which may reflect the fact that many
anuran species are red-listed due to their narrow distributions (IUCN 2008).
However, HPD was negatively correlated with risk from pollution and invasive
species in frogs, partly refuting that line of argument. In fact, low HPD was a
consistent predictor of high risk from invasive species within all taxa and across
them, and species extirpated from islands by invasive species in prehistoric times
were indeed living in relatively untouched places (Blackburn et al. 2004). My
models for invasive species were based on a response variable with very poor
spread in some taxa (see Fig. 4-1), however, so results should be interpreted with

caution.

High current proportions of cropland were also significantly associated with high
overall extinction risk and risk from habitat loss across taxa and within mammals
and birds. These results show that families whose species predominantly live in
areas of high land-use are at high risk, confirming a previous species-level study
on birds (Scharlemann et al. 2005). Surprisingly, this variable did not predict any
measure of extinction risk in frogs; it seems that, despite their dependence on
freshwater resources, frogs living in predominantly agricultural areas do not cope
worse than those in pristine places, which may be a signal of the many “enigmatic

declines” (Stuart et al. 2004).
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Biological traits

Generally, species’ reproductive traits mattered much less for family extinction
risk than body size itself and anthropogenic predictors did (e.g. Fisher ef al. 2003,
Cardillo et al. 2004). However, reproductive traits were important predictors of
risk from harvesting, which underlines the importance of recruitment rates:
species with slow life histories are thought to be incapable of compensating for
high mortality caused by harvesting (Bodmer et al. 1997, Fa et al. 2005, Price and
Gittleman 2007). This hypothesis is supported by my results from models across

taxa and within mammals.

In direct contrast to previous studies (Bennett and Owens 1997, Owens and
Bennett 2000), my results suggest that bird families with larger clutch sizes are at
higher threat from harvesting. It seems that human hunting targets species with
high recruitment rates so overwhelmingly that their recruitment cannot keep up.
The dramatic extinction of the passenger pigeon has shown that it is possible for
human hunting to drive a widespread and abundant species to extinction within a
short time, and there are some indications in the literature that formerly
widespread and abundant species that are artificially reduced to rarity may be
more susceptible to demographic and environmental stochasticity (Lawton 1995,
Gaston and Fuller 2008). Additional evidence for such effects of overexploitation
may be the negative association of high risk from harvesting with habitat
specificity I found, as it seems that bird families where species are mostly not
highly specialised in habitat requirements are experiencing higher risk levels from
harvesting. This association could also arise due to easier access for hunters to

habitat generalists, and a higher likelihood of encounters.

The only other significant association between risk and habitat specificity
occurred for risk from invasives in frogs, where my models showed that habitat
specialists are at higher risk. From previous studies, a general positive association
between habitat specificity and extinction risk from habitat loss would be

expected (Owens and Bennett 2000). The lack of this signal in my results implies
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either that habitat loss is so widespread now that it affects generalist species as
well, or that the index I used performs better at the spatial scale of frogs rather

than of birds and mammals.

The taxon-specific models in mammals emphasised the large roles that taxon-
specific biological traits can have in determining extinction risk. For example,
high weaning ages were significantly associated with high overall risk and with
risk from habitat loss and harvesting in mammals, while the reproductive
measures used across taxa, i.e. litter size and litters per year, were not significant
for overall risk and risk from habitat loss. It may be that weaning age reflects the
reproductive timing axis of mammalian life-history speed better than litters per
year (Bielby et al. 2007); alternatively, the reproductive measure was significant
in the mammal-specific models due to interactions with other specific variables,

such as the also-significant trophic level.

Trophic level was strongly associated with risk, indicating that families with low
proportions of herbivores were at higher risk. This is surprising given that
previous studies have emphasised that herbivorous taxa such as ungulates and
primates are highly threatened (e.g. Mace and Balmford 2000, Price and
Gittleman 2007). Herbivory was only very weakly associated with risk from
harvesting, indicating that carnivores and omnivores are not unusually threatened
by harvesting, but that they are by all other threats tested. The negative
associations I found concur with the hypothesis of chains of extinctions, whereby
predators are more threatened because of additive effects of disturbance along

food chains (Purvis et al. 2000b).

Large body size was the only correlate of overall extinction risk and risk from
habitat loss in frogs if narrow range size is controlled for. Contrary to previous
studies, I did not find significant associations with clutch size (Cooper et al. 2008)
or development mode (Lips et al. 2003, Hero et al. 2005, Sodhi et al. 2008).
Again, this may be due to differences in taxonomic and spatial scale. Also, many

previous studies have concentrated on frogs declining due to chytridiomycosis, an
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infectious disease, and/or climate change, neither of which I consider here (Lips et
al. 2003, Hero et al. 2005, Pounds et al. 2006, Bielby et al. 2008). Given the
aquatic spreading mode of the fungus causing chytridiomycosis, reproductive
traits would be expected to correlate with these declines (reviewed in Lips ef al.

2008), but may indeed play no role for frogs threatened by habitat loss.

Conclusions

My results emphasise general heterogeneity in extinction risk across taxa and
threats. Taxon-specific variables can play a large role in determining extinction
risk, such as weaning age and trophic level in mammals. The three vertebrate taxa
I studied here also show different patterns of susceptibility for traits measured
across taxa, and differ in anthropogenic correlates of extinction risk. For example,
anthropogenic variables mattered only for risk from pollution and invasive species
in frogs, and birds showed less evidence of historical agriculture affecting current
extinction risk than mammals. Also, there were large differences in significance
of anthropogenic impacts between the different measures of extinction risk: Most
notably, human population density was generally negatively correlated with most

risk measures, but showed a positive association with risk from harvesting.

Large body size emerged as a consistent predictor of overall extinction risk and
risk from each main threat process, at least on the global scale and taxonomic
level I used. Results for geographic range size are hard to interpret because of the
circularity arising from the inclusion of species listed as threatened due to small
range sizes. However, from mine and other studies it seems that current and
recent-past human actions selectively endanger large vertebrate species and those
with small geographic range sizes, but other correlates of extinction risk vary
according to the threat process and the taxon in question. This strongly implies
that future extinction risk may be hard to predict using global, across-taxon
models, and it also means that results from one taxon are not easily applicable to
other taxa (Cardillo ef al. 2008). The implication for conservation is that there

may be no easy shortcut to identify susceptible species in as-yet unaffected
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habitats, but that models will need to be taxon- and region-specific (Fisher and

Owens 2004).
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Chapter 5: Global mammalian functional and

phylogenetic diversity at risk of extinction

Abstract

Functional diversity (FD) is important for the maintenance of ecosystem health,
and estimates of globally threatened FD are needed to inform predictions of future
ecosystem stability. Here, I use mammalian body-mass variance within
ecoregions as a simple indicator of FD. I produce global maps comparing the
losses of mammalian species richness, phylogenetic diversity (PD) and FD that
would be incurred if all currently threatened species went extinct. FD losses were
much more severe than losses of PD and species richness, and congruence
between FD losses and the other two measures was low. Disproportionate loss of
large mammals caused most of the reduction in FD. If all species currently
classified as threatened or Near Threatened were to go extinct, 65% of the world’s
ecoregions would lose significantly higher amounts of FD than under random
extinction, while only 11% of ecoregions would lose significantly more PD.
Ecosystem consequences of large mammal loss are likely to be severe, with
possible impacts on ecosystem services via changes in plant biodiversity, habitat
heterogeneity, primary productivity and nutrient cycling. The low surrogacy |
found stresses a need for conservation prioritisation based explicitly on threatened

FD, and for conservation efforts to take an ecosystem perspective.
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Introduction

The recently published Global Mammal Assessment emphasised the danger of
high imminent losses of many mammalian species as a consequence of human
actions (Schipper et al. 2008). Globally, 1141 species or 21% of all mammals are
currently threatened with extinction, and the proportions are similarly high for
other completely assessed groups (IUCN 2008). These assessments count each
species loss equally, but species differ in many aspects, such as biological traits,
ecosystem roles and evolutionary age. While it is clear that some species are more
ecologically important because their biological traits are necessary for the
functioning of their ecosystem, the magnitude of functional trait loss may not be
easily predicted from species-richness losses (Gross and Cardinale 2005). To infer
the future stability of ecosystems, knowledge of which species’ traits and their
functions will vanish with the loss of currently threatened species is a necessary
first step (Hooper et al. 2005). This chapter aims to map and compare how much
functional diversity (FD) will be lost globally if all currently threatened

mammalian species were to go extinct.

Their comparatively large range size and body mass mean that mammals have
impacts on ecosystems over large spatial scales. Mammalian seed dispersers,
predators and herbivores have been shown to directly or indirectly influence
invertebrate and plant community structure, primary productivity and nutrient
cycling, implying that extinctions or declines of some species will impact
ecosystem properties and functioning (McNaughton ef al. 1988, Asquith et al.
1997, Terborgh et al. 2001, Pringle et al. 2007). Mammals are of special
conservation concern because they are charismatic, they provide recreational
value, and their populations are declining rapidly (Collen et al. 2009). They are
also of direct economic importance in most areas of the world as a source of food
and income from meat, fur, and tourism (Milner-Gulland ef al. 2003), so it is
crucial to investigate the impending loss of different aspects of mammalian

diversity.
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Previous studies have shown that threatened species are non-randomly distributed
across phylogenies and taxonomies, with some clades disproportionately
threatened even at small spatial scales (Russell ef al. 1998, Davies et al. 2008).
This phylogenetic clumping of threat means that the Tree of Life stands to lose a
much higher amount of evolutionary history than if threatened species were
phylogenetically randomly distributed (Purvis ef al. 2000a). Highly unbalanced
losses from the Tree of Life, and the high loss of evolutionary history or
phylogenetic diversity that goes with it, also has implications for the magnitude of
biological trait loss, because most traits show strong evolutionary signal
(Freckleton et al. 2002). The protection of phylogenetic diversity (PD) is therefore
claimed to help conserve not only evolutionary heritage but also a wide variety of
species traits and possibly high evolutionary potential for the future (Faith 1992,
Forest ef al. 2007). On the other hand, phylogenetic and functional diversity can
be independent aspects of communities (Jernvall and Wright 1998, Hooper ef al.
2005), which would diminish the predictive power of evolutionary-history loss for
future ecosystem functioning. The aim of this study is to compare expected losses
of species richness and PD with impending loss of global FD in mammals. I also
produce global maps showing areas of significantly non-random PD and FD loss
for a complete high-level taxon, i.e. areas where disproportionately high amounts
of mammalian evolutionary history and FD will be lost as a consequence of

biological selectivity of anthropogenic threats.

Measuring FD within an area is notoriously difficult, especially across different
ecosystems, because functional group definitions or complex ecological distance
measures are problematic at the global scale (Petchey and Gaston 2006). 1
therefore use the interspecific variance in a key functional character, body mass,
as a simple measure of mammalian FD (see Mason et al. 2003 for a similar
index). Size or body mass is an important predictor of many ecological traits in
mammals and an indicator of the ecological niche of a species (Western 1979,
Eisenberg 1981). Generally, species of different sizes fulfil different ecosystem
functions: for example, the largest mammals are wide-ranging herbivores or

carnivores while small mammals are often insectivores or seed-dispersers.
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Additionally, large mammals are disproportionately threatened (Cardillo et al.
2005), and preferential extirpation of large species can lead to unusually fast loss
of functional diversity (Petchey and Gaston 2002). I therefore use the variance in
body mass at large spatial scales to describe richness-independent functional

variety of mammals in ecosystems.

Body-mass variance is measured within WWF ecoregions, which constitute
globally coherent, large-scale ecosystem units (Olson et al. 2001). Using a large
dataset of 4230 mammalian species body mass values (Jones ef al. 2009),
geographic range maps (IUCN 2008) and a species-level phylogeny (Bininda-
Emonds et al. 2007, chapter 3), I map global losses for three measures of diversity
within ecoregions: species richness, PD as measured by the total sum of branch
lengths for the ecoregion phylogeny, and FD as indicated by the variance in body
mass. Current values of diversity are compared with values projected if either all
species currently classified as threatened on the [IUCN Red List, or all of these
plus species classified as Near Threatened, went extinct (IUCN 2008). I
investigate how well PD and species-richness losses reflect those of FD by
comparing congruence of proportional losses for the three diversity measures.
Simulations are used to assess the significance of within-ecoregion PD and FD

losses compared to random species loss.

Methods

I used the WWF terrestrial ecoregions as spatial units because their scale is more
appropriate for investigations of ecosystem functioning than, for example, a
global grid: ecoregions are biogeographically coherent units defined on the basis
of natural assemblages (Olson et al. 2001). They are also widely used in
conservation planning, and their large spatial scale ameliorates errors in species
distribution maps (Jetz et al. 2008). I overlaid the ecoregion shapefiles

(http://worldwildlife.org/science/data/terreco.cfm, accessed August 2006) with
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mammal range maps from the Global Mammal Assessment (GMA, IUCN 2008)
(www.iucnredlist.org/mammals, accessed October 2008) and extracted ecoregion
occurrences for each species.

Historical ranges and range parts labelled as “presence uncertain”, “introduced
origin” and “extinct” were excluded. GMA maps and risk status data were
matched to the taxonomy of the body mass data and phylogeny (Wilson and
Reeder 2005). I excluded 130 species from the dataset because they were not
included in this taxonomy (more recently described or extinct species). A total of
56 species ranges was added to the set by splitting existing GMA maps, and 40
species ranges missing from the GMA set were added from Jones et al. (2009).
Excluding species classified as Data Deficient, Extinct or Extinct in the Wild, my
final range dataset contained 4230 species: 2939 of these were ranked as Least
Concern, 306 as Near Threatened, and 985 species were in one of the three
threatened categories (Vulnerable, Endangered and Critically Endangered, [UCN
2001).

Body mass values for 3382 of the 4230 species (80%) came from the PanTHERIA
dataset (Jones et al. 2009). To give maximum coverage for analyses and reduce
bias towards large species, I interpolated additional body mass values for the
remaining species accounting for phylogenetic relationships (Garland and Ives
2000). Species values were imputed as the value of their closest relative (or the
mean of several equally close relatives), on the basis of a supertree of 5020 extant
mammalian species (Bininda-Emonds et al. 2007, chapter 3). The software R
version 2.7.2 was used for all analyses (R Development Core Team 2007). The
mean of the resulting frequency distribution of logjo-transformed body mass
values including the interpolated species was lower than the mean without
interpolated species, indicating the need to interpolate the missing data to avoid
bias (Fig. 5-1; mean with imputed values=141.2 g, mean without imputed values

=166.0 g; t-test: t =-2.64, d.f. = 7155, P <0.01).
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Figure 5-1. Histograms of body mass values for the dataset excluding

and including interpolated values.

Histograms are of log;o-transformed body mass values (in g) for a) 3382 species
values taken from the PanTHERIA dataset and b) the same PanTHERIA species

values plus 848 interpolated values. The dashed lines indicate body mass means.

I excluded three ecoregions from all analyses because 50% or more of their body
mass values were interpolated (Cape Verde Islands dry forests, 1 of 2 species;
Christmas and Cocos Islands tropical forests, 1 of 2; Galapagos Islands scrubland
mosaic, 4 of 6). Only 58 ecoregions did not contain any interpolated species
values; the mean proportion of interpolated values within ecoregions was 0.10
(maximum 0.48). There was strong spatial pattern in the number and proportion of
species for which body mass data were interpolated, highlighting lack of
knowledge in South-East and East Asia (Fig. 5-2).

I mapped total species richness, richness of Least Concern and Near Threatened
species, and richness of just Least Concern species within ecoregions to illustrate
future biodiversity patterns for mammals if all currently threatened or all currently

threatened and Near Threatened species were lost. Similarly, I mapped the within-
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Figure 5-2. The number and proportion of interpolated species body-

mass values within ecoregions.

Maps of a) number and b) proportion of interpolated species body-mass values.
Three ecoregions where >50% of species values were imputed are excluded (see

Methods).

ecoregion variance and mean of body mass of these species sets (after applying
logi transformation). PD was mapped using the total sum of branch lengths in an
ecoregion phylogeny derived from the species-level supertree. This measure of
PD is severely overinflated because of polytomies in the original supertree that
mostly reflect lack of resolution rather than real speciation pattern. I corrected for
the influence of terminal polytomies by assuming they had arisen under a pure
birth process, because then the terminal branch lengths can be calculated
following the appendix by S. Nee in Mooers and Atkins (2003). Total branch

length for the whole mammalian phylogeny was 66.1 billion years without, and
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59.2 billion years with the correction. The phylogeny contained 4183 of the 4230

species in the dataset.

I assessed congruence of estimated proportional losses for the three diversity
measures (species richness, PD, and FD) with Pearson correlation coefficients.
Because of spatial autocorrelation in the ecoregion dataset, I did not test these for
significance, since spatial non-independence overinflates degrees of freedom in
statistical testing. Nevertheless, the coefficients themselves are thought to be
unbiased measures of the correlation strength (Legendre 1993). To simulate PD
and FD losses expected if threatened species were phylogenetically randomly
distributed, I used 1000 shuffles of threat status data in each ecoregion.
Significance tests were one-tailed (proportion of random values that were smaller

than the observed value).

Results

Extinction of all but currently Least Concern species reduced body mass variance
or FD much more dramatically than either species richness or PD (Fig. 5-3). Some
current hotspots of FD completely vanished, while areas of high species richness
or PD retained comparatively high values. Patterns of mean body mass within
ecoregions indicated that most of the large reduction in variance was due to
selective losses of large species (Fig. 5-3, bottom row). Geographical patterns of
losses for all diversity measures were similar whether species classified as Near
Threatened were also lost or not (Fig. 5-4), so I concentrated on the more severe
scenario which just left currently Least Concern species. Absolute losses for all
three diversity measures were highest in the Indo-Malayan realm, with the
Afrotropics and Neotropics also strongly affected (Fig. 5-3; Table 5-1). If all
currently threatened and Near Threatened species went extinct, each ecoregion
would lose a global average of 14 species, 283 million years of evolutionary

history, and 14% of its current functional variety (Table 5-1).
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Figure 5-3. Projected changes of mammalian diversity and mean body

mass within ecoregions.

Maps show mammalian species richness, phylogenetic diversity (PD), functional

diversity (FD), and mean body mass for all species (left column) and species

currently rated as Least Concern (right column). Species richness is the number of

species, PD (in billion years) is the total sum of branch lengths for the ecoregion

phylogeny modified to account for terminal polytomies (see Methods), and the

variance in body mass is used as an indicator for FD. The colour scales each apply

to a row of maps. Mean body mass within ecoregions is shown for ecoregions with

>20 species only. Both body mass variance and mean were computed from log;o-

transformed species values.
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Figure 5-4. Projected changes of mammalian diversity and mean body

mass within ecoregions including Near Threatened species.

Maps show mammalian species richness, phylogenetic diversity (PD), functional

diversity (FD), and mean body mass for all species (left column) and species

currently rated as Least Concern or Near Threatened (right column). The left co-

lumn of maps is identical with the left column of Fig. 5-3 and is shown again here

to facilitate comparison. For explanations see Fig. 5-3.

Proportional losses differed strongly between the three diversity measures (Fig. 5-

5 a-c, Table 5-1). Proportional losses were high for all three measures in the
tropical realms apart from Australasia, but FD losses were much greater than

losses in richness or PD. The Indo-Malayan realm stood out especially, as each
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Figure 5-5. Projected and simulated proportional losses of mammalian

diversity within ecoregions.

Maps of projected losses show proportional losses if all mammalian species
currently ranked as threatened or Near Threatened were lost, for a) species
richness, b) phylogenetic diversity (PD) and c) functional diversity (FD) within
ecoregions. Maps of simulated proportional losses are shown for d) PD and ¢) FD
within ecoregions. Simulated losses are the mean values of 1000 randomisations
for random species loss of the same number of species as in a) to ¢) within each
ecoregion. Negative proportions indicate losses; in c) and e), all positive propor-
tions (gains in body mass variance) were set to dark blue and do not reflect the
magnitude of proportional gains. Species richness is the number of species, PD is
the total sum of branch lengths for the ecoregion phylogeny modified to account
for terminal polytomies, and FD is indicated by the variance in body mass (log;o-

transformed).

ecoregion would lose an average of 23% of its species and 18% of evolutionary
history, but 33% of its current FD (Table 5-1). Conversely, Australasian

ecoregions stand to lose a higher proportion of species (27%) but much less PD
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and FD (9 and 0%, respectively; Table 5-1). Congruence across a sample size of
757 ecoregions as assessed by Pearson correlation coefficients was high between
proportional losses of species richness and PD (coefficient=0.893), but low
between PD and FD (coefficient=0.388) and very low between richness and FD
(coefficient=0.192).

Random species-loss simulations for FD within ecoregions differed hugely from
proportional losses as predicted from Red List risk status, especially in the
tropical realms (Fig. 5-5 c, e). Conversely, simulated PD losses showed a pattern
highly similar to actual predictions (Fig. 5-5 b, d). Globally, 65% of ecoregions
would lose significantly more FD than in a random species loss scenario, whereas
only 11% of ecoregions would lose a significantly higher amount of evolutionary
history (Table 5-1). Large areas in the northern Holarctic and most tropical areas
apart from Australia are expected to lose significantly higher amounts of current
FD than expected under random species loss, and only some of these areas also

experienced significantly higher PD losses in my simulations (Fig. 5-6).

Discussion

My results demonstrate low congruence between prospective losses of species
richness and PD on the one hand and of FD on the other (as measured by the
variance in body mass). The amount of mammalian FD that might be lost with
currently threatened and Near Threatened species is high, with more than half of
the world’s ecoregions losing significantly more of their current functional variety
than expected under random species loss. Consequences for these ecosystems
could be severe and may impinge on ecosystem services and goods (Millennium
Ecosystem Assessment 2005). The low surrogacy implies conservation efforts
based on species richness or PD will fail to preserve many areas that stand to lose

high proportions of their current FD.
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Figure 5-6. Areas of significantly non-random PD and FD losses.

Coloured ecoregions lose significantly more phylogenetic diversity (PD, light blue)
or functional diversity (FD, red) or both (dark blue) than expected under random
species loss, assuming all species currently ranked as threatened or Near
Threatened were lost. PD is the total sum of branch lengths for the ecoregion phy-
logeny modified to account for terminal polytomies, and FD is indicated by the va-
riance in body mass (logjo-transformed). Significance of losses within each eco-
region was assessed using a one-tailed test based on 1000 permutations for random

species loss of the same magnitude as the actual loss.

Selective losses of large mammals

Reductions in FD as measured in this study were mostly due to the selective loss
of large mammals. Large mammals face disproportionate threats, because they are
often exploited by humans for meat and fur (Bodmer et al. 1997, Fa et al. 2002),
and because their larger home ranges lead to increased exposure to habitat loss
and other threats (Harcourt 1998, Woodroffe and Ginsberg 1998). Additionally,
life-history traits increasing extinction risk scale with body size, and impacts of
both biological and environmental extinction-risk correlates are higher for large
mammals (Cardillo et al. 2005). My results also agree with previous results
showing that selective loss of large mammalian species from assemblages leads to

faster declines in FD than random species losses (Petchey and Gaston 2002).
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If all but Least Concern species were to disappear, nearly all ecoregions in the
large tropical realms (Afrotropic, Neotropic, and Indo-Malay) would experience
significantly non-random reductions in FD. These are places where larger species
are particularly likely to be declining or at risk of extinction (Collen et al. 2009,
chapter 3), apparently because of high recent and ongoing rates of land conversion
for agricultural use (Millennium Ecosystem Assessment 2005, chapter 3). In
temperate regions and Australia, historic agricultural impacts have already caused
local declines and extinctions during the last few centuries, so that non-tropical
large mammals tend either to be locally extinct or not perceived as currently under
threat (chapter 3). My results here also imply that boreal forests in North America
and most of the Siberian tundra stand to experience significant reductions of
mammalian functional diversity, which highlights the high intrinsic susceptibility
of these species-poor but currently relatively pristine areas (Cardillo ef al. 2006).
It seems that at least since the industrial revolution, human actions have
disproportionately affected large mammals, and Fig. 6-3 vividly illustrates what

the world might look like if these actions continue unchanged.

Losses of evolutionary history

Only 11% of ecoregions worldwide stand to lose a significantly higher amount of
their current mammalian PD than expected under random species loss. The high
redundancy of phylogenetic trees means that while a global average of 15% of the
species in an ecoregion are at risk, representing 14% of regional FD on average,
only 9% of PD would be lost on average within ecoregions. Congruence with
proportional losses in FD was higher for PD than for species richness, but still
only 39% of ecoregions stand to experience similar losses in FD and PD. Clearly,
my measure of FD captures a very different aspect of diversity compared to
evolutionary history, which casts doubt over claims that preserving PD would also
conserve feature diversity and with it FD (Faith 1992, Forest et al. 2007).
Whenever extinction risk correlates with features and functions, FD loss will be
worse than richness or PD loss (Petchey and Gaston 2002, Gross and Cardinale

2005).
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Conservation efforts should still take PD into account, because we should care
about irretrievably losing evolutionary heritage, and because it does act as a
surrogate of diversity for features not correlated with extinction risk (Vane-Wright
et al. 1991). Surrogacy between predicted species-richness and PD losses was
high in this study, so classic global conservation schemes trying to capture high
numbers of threatened species could perform well for the preservation of
mammalian evolutionary history. However, the low surrogacy between losses of
PD and FD indicates an urgent need for conservation priorities specifically based
on threatened FD. The magnitude and geographical scale of FD loss shown by my
results means it should be considered more important than PD, especially given
the global human dependence on ecosystem services (Millennium Ecosystem

Assessment 2005).

Possible impacts of FD losses

Ecosystem consequences of losing the ecological functions of all 1291 currently
threatened and Near Threatened mammalian species would probably be severe.
Impacts can be expected to be high particularly in the areas that stand to lose
significantly higher amounts of FD than under random species loss, i.e. nearly
throughout the tropics and in 65% of terrestrial ecoregions in total. The loss of
large herbivores would lead to changes in plant community structure, with knock-
on effects for invertebrate and vertebrate community structure and, consequently,
the whole ecosystem (McNaughton ef al. 1988, Augustine and McNaughton 2004,
Pringle et al. 2007). The difficulty of maintaining biodiversity in the few remnants
of North American tallgrass prairie without the original balance of bison grazing
and wildfires illustrates how ecosystem functioning may be impacted by loss of
large herbivores, and that livestock populations only compensate partly (Knapp et
al. 1999). In forest ecosystems, seed dispersal is directly affected by selective
losses of large frugivores and indirectly by losses of large predators via
mammalian community interactions, with potentially large effects on plant species
composition and abundance patterns (Asquith ez al. 1997, Muller-Landau 2007).

Losses of large predators are also claimed to trigger extinction cascades, because
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they lead to short-term hyperabundance of herbivores and smaller predators,
causing plant species impoverishment and local extinctions of prey species

(Crooks and Soulé 1999, Terborgh et al. 2001).

Given the reliance of the growing human population on ecosystem services
especially provided by tropical systems, the economic consequences of ecosystem
changes caused by loss of FD could be severe. Thousands to millions of tons of
meat from subsistence hunting help to feed the poorest people in the tropical
realms most affected by the losses predicted in this study (Fa ef al. 2002, Milner-
Gulland ef al. 2003). Additionally, tourism is an important source of income in

many tropical countries, and largely relies on the aesthetics of large mammals.

Of course, this study does not provide exact predictions for any of these impacts.
Shortcomings include that my measure of FD is necessarily rough: I only consider
native wild species, and not all species currently red-listed will vanish completely
or simultaneously. Importantly, species irreplaceability and ecosystem resilience
are likely to differ between species and regions (Hooper et al. 2005). However,
even though not all species currently threatened by extinction may actually die out
globally, local extinctions or declines are sufficient to impact local ecosystem
services. My results provide the first global sketch of how the mammalian
functional variety currently present in ecosystems may be reduced in the future,

and the emerging picture is not encouraging.

Conservation implications

While ‘hotspot” approaches to global conservation priorities offer a seemingly
simple and cost-efficient strategy by protecting a high proportion of globally
threatened species in comparatively few areas (Myers et al. 2000), the low
congruence between losses of FD and the other measures of diversity in this study
implies that any set of hotspots selected under one criterion will be different from
sets selected under others. Other studies have reported low congruence between

distributions of total, restricted-range and threatened species within and across
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taxa, as well as low surrogacy between prioritisation of species richness,
evolutionary history and current and projected threat (Orme et al. 2005, Grenyer
et al. 20006, Forest et al. 2007, Davies et al. 2008). My study has shown that losses
of mammalian FD alone could affect nearly the whole of the tropics, which
further argues against easy global solutions. I conclude that there seems to be no
shortcut, but conservation planning will have to consider a range of taxa using a
range of biological criteria, such as different measures of richness and its

impending losses.

Current conservation efforts mainly rely on protected areas as a tool to stop
species declines and extinctions. Yet how useful can preserved FD and ecosystem
functioning be if they are restricted to protected areas? It is unclear whether
protected areas alone could offer a large enough natural ecosystem to ensure
continued supply of ecosystem goods and services (Millennium Ecosystem
Assessment 2005), so future strategies should include conservation measures
outside protected areas (Ceballos ef al. 2005). This study highlights the need for
systematic conservation planning to move the focus from species and area

protection to an ecosystem perspective.
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Chapter 6: Concluding Remarks

Summary of results and implications

In this thesis, I have investigated phylogenetic and spatial patterns in the
magnitude, focus and impact of current extinction risk, in order to increase
understanding of the underlying extinction processes. Consistent phylogenetic
selectivity in extinction risk (chapter 2) confirms that the current extinction crisis
is targeting species with certain characteristics. More importantly, differences in
the strength of phylogenetic signal indicate that biological selectivity differs with
threat types such as habitat loss, harvesting and invasive species, even within
mammals. Further analyses of phylogenetic-signal strength using my newly
devised measure, D, would be useful if performed at multiple spatial scales for
different taxa and risk from different threat processes, as the results would
indicate whether and how the impact of strongly-patterned biological traits differs

from global to assemblage scales.

I found high regional heterogeneity in the influence of mammalian biological
traits on extinction risk, which further argues that the biological traits increasing
susceptibility are specific to the threat processes experienced (chapter 3).
Accordingly, different measures of anthropogenic impacts predicted the strength
of influence that separate biological traits had on extinction risk. Global
comparisons of extinction-risk correlates across mammals, birds and frogs further
highlighted the heterogeneity of extinction processes (chapter 4). Different
biological traits and anthropogenic impacts predicted overall risk in each taxon,

and patterns varied with main threat process as well.

These results improve current understanding of global relationships between risk

and its anthropogenic and biological causes for terrestrial vertebrates; for these
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groups, more local and clade-specific models are needed now to better understand
why some species are at risk and some are not (Fisher and Owens 2004, Cardillo
et al. 2008). Future studies identifying correlates of vertebrate extinction risk
should be tightly focused spatially, and concentrate on one threat process and one
major taxon at a time, if they are not to be affected by regional and biological
heterogeneity and variation in threat type and level. However, the global
approaches I have taken in this thesis have proven powerful in showing general
trends and relationships across taxa and regions, so their application is promising
for other taxa as new risk data on hitherto less well-known groups become

available (Fisher and Owens 2004).

Two variables emerged as consistent predictors of extinction risk across taxa and
threat types: small geographic range size, which at least in mammals increases
species’ extinction risk worldwide, and large body size, the effect of which was
high in the tropics but not in temperate regions for mammals. As discussed in
chapter 3, there are ways in which the extinction-risk measures I used could be
overinflated for small-ranged species; for the analyses in chapter 4 I know that
they are, because I (in common with some previous workers, e.g. Owens and
Bennett 2000) do not exclude threatened species listed on the basis of small range
size. Nevertheless, it is tempting to conclude that habitat loss and degradation are
now so widespread that small-ranged species are threatened nearly everywhere. I
found some evidence for large effects of current land-use on risk in mammals and
birds, and previous studies have reported similar correlations (Scharlemann ef al.

2005, Davies et al. 2006).

I have explored possible impacts of the striking regional differences in selectivity
for large body size on a global scale for mammals (chapter 5). My analyses
highlight that we stand to lose large amounts of functional diversity with currently
threatened mammal species, as functional variety in mammals is likely to be
reflected by the body-mass variance within large-scale ecosystems. The loss of
functional diversity I estimated was higher than expected from species richness

and phylogenetic diversity in more than half of the world’s ecoregions, indicating
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a need for conservation measures to be based on functional diversity, or variance

in body mass, rather than on species richness or phylogenetic diversity.

There are several mechanisms by which large body size can increase species
extinction risk. The most direct is human hunter preferences (Bodmer et al. 1997,
Fa et al. 2005), which are known to cause higher risk for at least some large
species (Owens and Bennett 2000, Isaac ef al. 2005, Collen et al. 2006). My
analyses indicate that even risk from habitat loss and invasive species affect large
species disproportionately, so other mechanisms are likely to play a role.
Correlations of body size with life-history traits such as reproductive output are
often claimed to underlie or strengthen body size impacts (Cardillo ez al. 2005). I
controlled for separate effects of these traits in my analyses, as far as was
possible, and large species were still generally at higher risk, although in
mammals there was striking spatial variation. Finally, the larger home-range sizes
of many large species mean they are more likely to encounter threats (Harcourt
1998, Woodroffe and Ginsberg 1998). All of these factors probably play some
role in generating the strong global-scale signal I found, but there are also several

ways in which data bias could have increased the signal.

Possible sources of bias

The most serious shortcoming, intrinsic to all analyses of extinction risk as
recorded by the IUCN Red List, is likely to be the proportions of species ranked
as Data Deficient (DD): these are 15% for mammals, <1% for birds, and 25% for
amphibians (IUCN 2008). I had to exclude all these species from my analyses,
which potentially removed a biased set of diversity, as it is highly probable that
most of the DD species are small, rare and have relatively small ranges. If DD
species turn out to be mostly threatened, the strong correlations of risk and
geographic range size may even underestimate the true importance of range size

in determining extinction risk. On the other hand, if those DD species occur in
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remote areas, they might not currently be threatened, in which case the correlation

of risk and range size is overestimated with the currently available data.

Within DD species, I found significant, moderately strong phylogenetic signal,
indicating that there is a systematic bias to knowledge about extinction risk
(chapter 2). The imputation of missing body-mass values in chapter 5 showed that
most species for which body mass was unknown were small (Fig. 5-1), an
indication that less well-known species might often have low body mass. The
exclusion of the probably mostly small DD species could artificially increase the
correlation of large body mass with high extinction risk. There may also be a
spatial dimension to the bias caused by removing DD species: most of these are
probably tropical (Baillie ef al. 2004, Schipper ef al. 2008). This means that the
strong influence of mammalian body mass on risk in the tropics I found may be an

overestimation (chapters 3, 5).

A possible solution to the problem of DD species for future studies could be
multiple imputation of the missing values for extinction risk (e.g. Fisher et al.
2003). In practice, this is likely to be difficult as the imputation for risk needs to
be both phylogenetically and spatially explicit, considering the strong
phylogenetic and spatial signal in extinction risk and threat types (see also chapter
2). Given the moderately strong phylogenetic clumping of DD species, there may
be a danger of extrapolating from very few known species to whole clades (Smith
and Jungers 1997). Additionally, many DD species may be so poorly known that

their biological trait values will be missing as well.

As previously mentioned, the correlations of geographic range size and extinction
risk in chapter 4 (but not in chapter 3) are biased due to the inclusion of species
listed as threatened under Red List criteria based on geographic range size. On the
other hand, the correlates of extinction risk in chapter 3 are essentially correlates
of population declines, because only species listed as threatened under criterion A
were included in that analysis; this may have biased results simply due to the

exclusion of so many species. Also, risk rankings recorded on the Red List for
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species threatened under criteria other than A do not provide any information on
whether the species was evaluated under criterion A or not, and whether if
ecaluated it would have qualified as threatened under criterion A but for a lower
risk category than under other criteria (IUCN 2008). Recording the risk categories
qualified for under every criterion in the Red List could ameliorate this particular

source of error.

Other sources of bias for Red list risk rankings include differences in the
perception of declines for large and small species and scale issues in estimating
geographic range size, as discussed in chapter 3. Despite all possible kinds of
systematic bias, the Red List remains the single most comprehensive global
dataset of extinction risk for many taxa (Mace et al. 2008). It is also continuously
updated and growing, which decreases most sources of error discussed here for

future studies.

Two of the chapters presented here use ecoregions as biologically-defined spatial
sampling units (chapters 3, 5). While the WWF ecoregions are now widely used
for conservation and other purposes, they have also been criticised, especially in a
conservation planning context (Jepson and Whittaker 2002, but see
Wikramanayake et al. 2002). As the only spatial regression analysis here (chapter
3) accounts for overinflation of the degrees of freedom due to spatial
autocorrelation, overestimations of similarity between some ecoregions due to
inexact border definition are unlikely to bias the results seriously (Magnusson
2004). However, if there are systematic differences in ecoregion definition
between realms or biomes (as claimed by Jepson and Whittaker 2002), some of
my findings could be affected: for example, if tropical ecoregions are always
(artificially) smaller than temperate ones, the spatial pattern in the influence of

body mass on risk may be less pronounced in reality than my ecoregion results

imply.

As is typical for complex, global analyses, there are many other possible sources

of error; the more important ones have been discussed in the relevant chapters.
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However, only large-scale, complex analyses as presented here can give insight
into general patterns and processes. My main result, i.e. the complexity and
heterogeneity of extinction risk processes, somewhat speaks against any truly
overwhelming data bias. Also, the consistent influence of small geographic range
size and large body size on extinction risk of terrestrial vertebrates has been found
in many different datasets using widely disparate methods (reviewed in Fisher and

Owens 2004, Purvis 2008).

Body size and geographic range size as risk correlates in other taxa

Some studies of extinction-risk correlates for taxa other than the three I
investigated also came to the conclusion that body size is an important predictor
of risk; for example, large marine fish are at higher risk, probably due to their
later maturity (reviewed by Reynolds et al. 2005). The most comprehensive study
for fish published so far concluded that body-size selectivity differed with threat
types, with large marine and freshwater fish at high risk due to overexploitation,
and small marine fish due to habitat loss (Olden et al. 2007). In reptiles, however,
geographic range size and habitat specialisation seem to be more important than
body size for determining extinction risk (Foufopoulos and Ives 1999, Reed and
Shine 2002, Collen ef al. 2006); even though Meiri (2008) found a positive
association between lizard extinction risk and body size, he concluded that

selective knowledge caused this pattern.

Similarly, poor dispersal ability and a small geographical distribution appear to be
linked to high extinction risk in insects, but evidence for body-size effects is
mixed (Sullivan et al. 2000, Koh et al. 2004, Kotiaho et al. 2005, Mattila et al.
2006). In butterflies, habitat specificity seems to play a larger role in determining
extinction risk than my results suggest for vertebrates, and body size does not
predict risk (Koh et al. 2004, Kotiaho et al. 2005, Mattila et al. 2006). On the
other hand, hoverflies with longer wingspans are at higher risk in two European

regions, indicating that body size may play a role (Sullivan et al. 2000).
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Given these results in other groups, the strong body-size signal I found for
terrestrial vertebrates may not hold true across the whole of biodiversity; there
may be a threshold size above which body size matters (Cardillo et al. 2005). Data
from Britain and the Netherlands suggest that pollinators specialised in their
habitat and dietary requirements have experienced more severe declines than less
specialised species, in parallel with declines in plants that are dependent on insect
pollination (Biesmeijer et al. 2006). If geographic range sizes and habitat
specialisation are indeed the most important predictors of extinction risk in
insects, widespread habitat loss will have large impacts on them; indeed, declines
in invertebrates may be larger than in vertebrates (Thomas et al. 2004). This
implication should urgently be investigated more closely, especially considering

the paucity of data for invertebrates (McKinney 1999).

Conclusion

Conservation implications from this thesis are twofold: firstly, studies trying to
predict future risk levels for terrestrial vertebrates should ideally be threat-
specific, confined to regions or realms, and take variable amounts of phylogenetic
signal into account. More locally-focused comparative models of extinction-risk
correlates may identify highly susceptible species from their biological traits and
the prevailing threats (Cardillo et al. 2006, Bielby et al. 2008). Secondly,
conservation efforts need to focus on preserving ecosystem functioning: the scale
of threatened mammalian functional diversity, together with the lack of surrogacy
between different measures of diversity, suggests that conserving areas with high
numbers of threatened species is no effective shortcut for global biodiversity

conservation.

Admittedly, the focus of my and similar studies on vertebrates is likely to distort
the global situation, since terrestrial vertebrates constitute a very small and
atypical part of global biodiversity. Given that most species are small, and that

unicellular organisms constitute by far the largest part of global biomass and the
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Tree of Life, it could be argued that even the extinction of all currently-threatened
vertebrate species will make little difference to life on Earth (Nee 2005). There is,
however, some indication that invertebrates may be declining at least as fast as the
large vertebrates (McKinney 1999, Thomas et al. 2004, Biesmeijer et al. 20006).
As discussed in chapter 5, vertebrates do provide many important ecosystem
services, not the least as food for humans; clearly, Homo sapiens should care
about vertebrate conservation. The data-hungry approaches I used here required
the focus to be on well-studied groups, but there is a need to investigate more
taxa, and functional-diversity investigations for groups such as pollinators or
plants would certainly add important knowledge useful for conservation

prioritisation.

My results strongly suggest that, at least since the industrial revolution, human
actions have selectively caused declines in large mammals and birds.
Anthropogenic land-use seems to have acted as a filter, driving susceptible species
to global extinction or into refugia. Global extinctions have been comparatively
rare given recent rates of habitat loss, probably because the most species-rich
places on land, the tropical rainforests, still survive in some large blocks of “the
Last of the Wild” (Sanderson et al. 2002), while the places long cultivated by
humans were relatively species-poor to start with. There is still hope that it may
not be too late to save at least some parts of global biodiversity, now that
humankind has come to appreciate its dependence on it, and global efforts exist to

understand extinction processes and protect species, habitats and ecosystems.
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Phylogenies describe the origins and history of species. Howaver,
they can also help to predict species’ fates and so can be useful
tools for managing the future of biodiversity. This article starts by
sketching how phylogenetic, geographic, and trait information can
be combined to elucidate present mammalian diversity patterns
and how they arose. Recent diversification rates and standing
diversity show different geographic patterns, indicating that cra-
dles of diversity have moved over time. Patterns in extinction risk
reflect both biclogical differences among mammalian lineages and
differences in threat intensity among regions. Phylogenetic com-
parative analyses indicate that for small-bodied mammals, extinc-
tion risk is governaed mostly by where the species live and the
intensity of the threats, whereas for large-bodied mammals, eco-
logical differences also play an important role. This modeling
approach identifies spacies whose intrinsic biology renders them
particularly vulnerable to increased human pressure. We outline
how the approach might be extended to consider future trends in
anthropogenic drivers, to identify likely future battlegrounds of
mammalian conservation, and the likely casualties. This framework
could help to highlight consequences of choosing among different
future dimatic and sociceconomic scenarios. We end by discussing
priority-setting, showing how alternative currencies for diversity
can suggest very different priorities. We argue that aiming to
maximize long-term evolutionary responses is inappropriate, that
conservation planning needs to consider costs as waell as benefits,
and that proactive conservation of largely intact systems should be
part of a balanced strategy.

extinction risk | latent risk | mammals

he Tree of Life—phylogeny—is a powerful metaphor for

life’s diversity, showing all species, including our own, as part
of an interrelated whole. But phylogeny is more than a metaphor.
It is also a research tool—the result of evolutionary processes
integrated over the history of life, it can be analyzed for insights
into how those processes have shaped today’s biota (1). This
approach is becoming increasingly powerful as the trees become
ever more inclusive, built from rapidly accumulating databases
using methods that continue to be improved (2, 3).

Species” histories are of interest, but their futures are of more
pressing concern. The Tree of Life is currently under sustained
attack, as people increasingly dominate landscapes (4). Com-
parisons of extinetion rates between today and geological history
are difficult for many reasons (5), but the Tree of Life is already
being pruned more quickly than it is growing (6), and extinction
rates are projected to rise by at least another order of magnitude
over the next centuries (7). This article describes how phylogeny
has a role to play in understanding the pattern of survivors and
casualties and how it can help us both to predict species’ futures
and to estimate some of the biodiversity value that would be lost
if they went extinct.

We focus on mammals as a model system. They are much
better known than almost any other group, with a mature
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species-level taxonomy (8), a largely complete evaluation of
species’ extinction risk (9), a large database of ecological, life
history, and geographical information (K.E.J., ILB., A.P.,
C.D.L.O., S.AF., Christina Connolly, Amber Teacher, 1.L.G.,
R.G., Elizabeth Boakes, Michael Habib, Janna Rist, Chris
Carbone, Christopher A. Plaster, O.R.P.B.-E., Janine K. Foster,
Elisabeth A. Rigby, Michael J. Cutts, Samantha A. Price, Wes
Sechrest, Justin O'Dell, Kamran Safi, M.C., and G.M.M., un-
published data), and a comprehensive species-level estimate of
phylogeny (11). [Many node ages in ref. 11 were slightly affected
by a software bug; all our analyses use corrected dates (O.R.P.B.-
E. M.C., K.E.I, Ross D. E. MacPhee, Robin M. D. Beck, R.G.,
Samantha A. Price, Rutger A. Vos, J.LL.G., and A.P., unpublished
data).] As always with a model system, advantages come at a
price. Mammals are atypical (e.g., they are much larger than
most other species), so results from them cannot necessarily be
extrapolated more broadly. However, mammals are a charis-
matic group of special interest to many people, so results have
value even if they cannot be generalized. We start with a
snapshot of present mammalian diversity and the (overwhelm-
ingly anthropogenic) pressures that species face, before going on
to describe recent and ongoing attempts to understand the
present and possible future consequences of those pressures.

A Snapshot of Mammalian Biodiversity

Mammalian species are distributed very unevenly among genera,
families, and orders (6, 8). Differences in age among taxa of a
given rank (13) confound evolutionary interpretation of the
pattern, but the phylogeny permits a test of whether the chances
of diversification have indeed varied among lineages. Under the
equal-rates Markov model (ERM), in which chances are equal,
phylogenies should have a weighted mean I [the degree to which
species are partitioned unequally between sister clades (14)], not
significantly =0.5. The estimate of phylogeny (11) has a weighted
mean § of 0.657 (SE = =0.0131), well above 0.5 (weighted ¢ test
Vs, 0.5 fass = 11.98, p == 0,001), indicating that lineages have had
different propensities to diversify. Such inequality is common
throughout the Tree of Life (15, 16) and prompts the search for
traits that might be responsible. Phylogenetic analyses reveal that
large litter size and high abundance are both linked with high
richness in sister-clade comparisons pooled across four orders
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(primates, carnivores, marsupials, and bats), whereas small body
size and short gestation period also predict high richness within
carnivores (17). In commen with most comparable studies on
other taxa (18), however, the biological traits leave most of the
variance in richness unexplained, suggesting a possible role for
the environment.

The geographic distribution of mammalian species is also very
uneven (Fig. 1). Mammals follow global trends for higher
tropical diversity, with a strong latitudinal diversity gradient (Fig.
la). Within the tropics, richness seems to correlate with pro-
ductivity and water-energy dynamics, peaking in Amazonia at
the base of the Andes, in the Great Rift Valley in Africa (where
richness exceeds 250 species per 10,000 km?), and in an arc
running from the Himalayas into southeastern Asia (Fig. 1b).
These peaks suggest that topographical heterogeneity has also
shaped species-richness patterns (19). At higher latitudes, the
relationship between richness and productivity is much weaker,
and ambient energy is a better predictor of richness (19). The
geographic pattern of mammalian richness is highly congruent
with those of birds and amphibians (20), which are also well
predicted by the same environmental variables (21, 22). All these
groups have many narrow-range species on the Neotropical
mainland, but other “hotspots of endemicity” differ—
continental shelf island systems for mammals, oceanic archipel-
agoes for birds, and mainland locations for amphibians (20). The
latirudinal gradient in median geographic range size in mammals
(Fig. 1c) correlates strongly with the land area available within
the same latitudinal bands (r = 0.68, although spatial autocor-
relation complicates significance testing). However, median
range size remains high in the northernmost bands despite the
rapid decline in land area toward the Pole. Bird range sizes show
similar patterns (23).

The tropics have been described as an evolutionary power-
house, acting as a “cradle” for diversity (24). Might Fig. 1,
therefore, reflect long-standing geographic differences in diver-
sification rates? Cradles of diversity could be of particular
interest if conservation actions are to be targeted toward con-
serving the processes that generate diversity, a point to which we
return below. The geographic pattern of recent diversification
can be examined in terms of taxonomy or phylogeny, although
both have their problems. Boundaries to higher taxa can be
arbitrary (13), whereas both the relative and absolute divergence
times in molecular phylogenies can be controversial (25). Be-
cause of these reservations, we use both approaches.

Davies et all

Taxonomically, the ratio of species to genera should indicate
the regional diversification rate over the past several million
years, if genera are approximately equal in age. This ratio
correlates strongly with log(species richness) among equal-area
erid cells (Pearson’sr = 0.61; Fig. 2a). This correlation remains
highly significant (corrected F = 78.49, corrected P < 0.001, n =
4,152: based on a subsample of cells and excluding single species
occurrences) when degrees of freedom are reduced to account
for spatial autocorrelation (26). Moving to phylogeny, places
where a high proportion of species are on short terminal
branches in the tree are likely to have rapid diversification,
turnover, or immigration in their recent history (27). However,
analyses are complicated by the low resolution (uncertain rela-
tionships) at the tips of the phylogeny, which introduces over-
estimates of the respective branch lengths. We ameliorated this
problem by reducing ages of terminal polytomies using the
correction suggested by Nee in ref. 28 and by assuming that the
descendants from each polytomy diversified under a Yule pro-
cess (29). Fig. 2b highlights the Andean and Himalayan diversity
peaks, but not the African great lakes, as recent evolutionary
crucibles. Much of the temperate north stands out more than
much of the tropics in this map, and there is a negative overall
correlation between the proportion of short branches and
log(species richness) (r = —0.38, corrected F = 21.01, corrected
P < 0.001,n = 4,210, analyses as above), although this depended
on how we corrected for terminal polytomies. This result par-
tially echoes recent findings of higher recent speciation and
extinction rates in temperate than in tropical mammals (30).
These maps also imply that some regions have seen marked shifts
in net diversification rate, whereas others may have remained
steady.

Areas of “old™ and “voung™ diversity can be identified from
the residuals of a loess regression across cells of total evelution-
ary history (i.e., total branch length in the phylogeny of a cell's
species) on species number. The African diversity peak emerges
as old, whereas much of Andean diversity is young (Fig. 2e).
Character disparity—among-species variation in morphology—
also shows geographic pattern: Fig. 2d maps one index of
disparity, the variance in log(body mass). Disparity tends to be
high where diversity is old (r = 0.29, corrected F = 5.10,
corrected P =< 0.05, n = 4210, analyses as above), although
tropical regions drive this relationship.

Mammalian biodiversity, then, shows complex geographic
and phylogenetic patterns of richness, recent diversification, and
character variation. The African diversity peak is old and
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disparate, that in Asia is young and disparate, and the Andean
peak is young with low disparity. These patterns reflect a
complex history of speciation, extinction, anagenesis, and dis-
persal, with each factor probably shaped by biological traits and
both biotic and abiotic environmental features in ways that have
changed through time. Environmental features could provide
much of the missing explanation for phylogenetic asymmetry
(31), whereas traits may help to complete the explanation of
geographic patterns. Other, less well known taxa doubtless have
different patterns, but there is no particular reason to expect the
patterns to be any simpler.

Natural diversity patterns increasingly bear the stamp of
widespread anthropogenic system change. The biota we see
today is already affected by anthropogenic extinction. Large,
slowly reproducing mammals went extinct almost everywhere
(with the notable exception of Africa, perhaps linking to the

11558 | wawaw.pnas.org/cgi/doi/10.1073/pnas 0801917105

patterns in Fig. 2 ¢ and d) ==7,000 to 50,000 years ago (32). In the
past few centuries, mammalian extinctions have mostly been on
islands, notably the West Indies, with continental extinctions
largely confined to Australia (9). Our analyses are therefore of
an already reduced fauna. The next section considers the main
ways in which human actions continue to reduce and reshape
mammalian biodiversity.

Threats Facing Mammalian Biodiversity

The terrestrial environment is now dominated by people—1/4 to 1,3
of the land area has been transformed for human wse (33).
Additionally, human population density tends to be higher in
species-rich areas, probably because productivity shapes both (34).
Only a few mammal species fare well in human-dominated envi-
ronments; the vast majority are vulnerable to the widespread and
rapid anthropogenic changes. The main direct human-induced
drivers that impact biodiversity now are habitat loss and fragmen-
tation (the most important present threat), alien invasive species,
overutilization, disease, pollution, and climate change (9). The
International Union for Conservation of Nature (IUCN) assessed
how these drivers are affecting mammals. Nearly all mammal
species have been evaluated and, provided enough information was
available, placed in one of the following extinction risk categories:
least concern (LC), near-threatened (NT), vulnerable (VU), en-
dangered (EM), critically endangered (CR), extinct in the wild
(EW), and extinct (EX). The resulting TUCN Red List (35) lists 74
mammal species as having gone extinct in their native range since
1500 A.D., 1,094 (22.5% of those evaluated) as being threatened
(Le., VU, EN, or CR), and only 2,652 (54.5%) as giving no cause
for concern (i.e., as being LC).

Does extinction risk show any patterns that might help us to
understand the processes affecting biodiversity loss? The “field
of bullets” scenario, in which extinction strikes completely at
random, is a widely used null model for extinction (36, 37). The
metaphor comes from trench warfare, where soldiers’ survival
may have depended more on luck than skill. This scenario
predicts that threatened species should constitute a stochasti-
cally constant fraction of any sample. Mammalian extinction risk
is not a simple field of bullets but shows both geographic and
phylogenetic patterns (9, 38, 39). The prevalence of risk is higher
in the Old World than in the New World and higher on islands
than on continents (9, 38). It varies among clades too, being
higher than average in primates and perissodactyls and lower
than average in rodents (9). Species with few close relatives are
also more likely to be at risk (39, 40).

These patterns reject the original field of bullets model, but
the model lacks a geographic dimension because there may have
been fields that were near to the battle but that nevertheless had
no bullets, Likewise, human pressures have changed some places
beyond recognition but left others almost untouched. Because
closely related species often live in the same region, geographic
heterogeneity in threat intensity could, by itself, cause taxonomic
selectivity in extinction risk (39). Alternatively, the selectivity
could arise because biological differences among clades affect
species’ abilities to withstand threats (41). How important for
species’ survival is staying out of the firing line, and how
important is being bullet proof?

Human population density predicts proportions of threatened
mammal species among continental countries (42), supporting
the “firing-line” model. However, an analysis of extinction risk
within terrestrial World wildlife Fund (WWF) ecoregions shows
that phylogenetic nonrandomness is common within single
ecoregions, where pressures may be more even than across the
globe. Within each ecoregion, we generated phylogenetically
independent contrasts (essentially, differences between sister
clades) (43) in extinction risk (0 for LC species, 1 for species
having a higher status; data-deficient and unevaluated species
were excluded) on the phylogeny (with polytomies resolved
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arbitrarily and branch lengths set to unity) and compared the
sum of the absolute values of standardized contrasts with the
sums obtained from 1,000 randomizations of the risk data among
the ecoregion’s species. If high-risk species are strongly clumped
in the phylogeny, the observed sum will be lower than in 95% of
the simulations. Of 691 ecoregions with at least three higher-risk
species and some variance in extinction risk, 386 (54%) showed
significant clumping. Interestingly, the strength (rather than the
significance) of the clumping is high in most realms apart from
the Nearctic (Fig. 3). It also appears to be stronger in ecoregions
with high disparity (Spearman’s p = 0.316) and with relatively
old diversity (Spearman’s p = 0.195). These correlations should
not be taken as evidence of a functional syndrome unless
confirmed at more local scales: Some of the signal probably
derives from differences among, rather than within, major
biogeographic realms. The prevalence of clumping of risk implies
that, faced with approximately equal pressures, species differ in
their ability to persist because of lineage-specific characteristics.
This finding invites a search for biological correlates of extinction
risk.

Comparative Analyses of Mammalian Extinction Risk

Perhaps the most obvious proposed risk factor for extinction is
large body size. The end-Pleistocene mass extinction of mam-
mals removed mostly large species (32), and declining mammals
are an order of magnitude heavier, on average, than are non-
threatened species (44). There are several possible reasons:
Large-bodied species are more tempting targets than small ones
for hunters; they are, on average, less abundant; and they take
longer to reach sexual maturity, have smaller litters of larger
offspring, and have larger individual home ranges. Natrrow
ecological tolerances are also a plavsible risk factor—habitat
specialists may be more at risk than generalists from habitat loss
(45). A small geographic range size may reflect narrow toler-
ances and increase the risk that the whole of the species” range
is in the firing line. Which of these features mater most for
extinction risk, and are any associations consistent across all
mammals?

Cardillo et al. (44) carried out the most comprehensive
investigation to date. Threatened species were included only if
they were on the IUCN Red List because of observed decline,
to avoid autocorrelation with predictor variables. Red List
status, on a 0-5 scale, was used as the response variable. Many
facets of geography (including human population density), ecol-
ogy, and life history were tested as predictors of extinetion risk,
by using phylogenetically independent contrasts. A phylogenetic
approach is needed because, although extinction risk and some
of the possible predictors listed above (e.g., geographic range
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size) do not evolve along the phylogeny’s branches like, say, body
size does, they nonetheless tend to show phylogeneticsignal [i.e.,
they tend to take more similar values in close relatives than in
species chosen at random; (41, 45, 46)]. Minimum adequate
models were derived from a large initial set of predictors. This
approach helps exclude variables that correlate only indirectly
with extinction risk, for example, because another variable
shapes both them and risk.

The predictors of risk were significantly different for smaller
and larger species, with the importance of many predictors
changing markedly at a body size of =3 kg. Species smaller than
this fit the firing-line model: They are more likely to be threat-
ened if they have small geographic ranges, live in temperate
areas, face high human population densities, and live where a
high proportion of the other mammal species are also threat-
ened. Larger species, however, face multiple jeopardy: Biology
matters as well as geography, with high abundance, small
neonates, and many litters per year all independently helping to
bullet-proof species. High abundance is predicted to bullet-proof
species if the field of bullets model operates at the level of
individuals rather than species (47), but such a model also
predicts that no other biological traits would independently
predict risk.

For both large and small mammals, the most important single
risk factor is small geographic range size. The firing-line model
predicts that small-ranged species will be most at risk because a
single localized threat can impact their entire distribution.
However, range size itself varies systematically among clades
[although it shows weaker phylogenetic signal than, e.g., body
size (48, 49)], suggesting that it is shaped, at least in part, by
organismal traits such as dispersal ability (50) or niche breadth
as well as by circumstances of geography. For example, small-
ranged species are more common at low latitudes and within
climatically stable regions. Any traits, including geographic
location, that confer large species ranges also help make species
bullet-proof (although geographical variation in species’ range
sizes again complicates separation of geographical variability in
threat intensity from intrinsic biological vulnerability).

Large-scale analyses can find general predictors of extinction
risk but can miss interesting variation among regions or clades,
which more narrowly focused models might pick up (45). Order-
specific models typically have higher explanatory power than the
large-scale models. These models have some common features,
such as the importance of geographic range size, but also differ
considerably (51). For example, body size is a predictor in bats
but not in rodents, whereas different life history traits predict
risk in carnivores (gestation length) and ungulates (weaning age,
interlitter interval). Likewise, different environmental factors
and measures of human impact are implicated in different taxa.
The models also vary regionally, with life history mattering less
in North temperate regions than elsewhere (51).

One likely source of variation in models is that different
drivers may select against different characteristics and show
spatial variation in intensity. Broad-scale analyses may therefore
lump competing signals together (52). Within artiodactyls, pre-
dictors of extinction tisk differ between hunted and nonhunted
species: Late weaning age was the sole risk factor among the
former, whereas low income levels among local people and small
range size predicted risk among the latter (53). More generally,
low reproductive rates and large size are likely risk factors for
overexploitation, but a specialized habitat may matter more
under habitat loss (52). Analyses focused more tightly on driver-
specific responses often tend to consider far fewer species, in
which case far fewer predictor variables can be considered
simultaneously without overfitting, and statistical power may be
lower. On the plus side, the tighter focus can reduce the chance
of mixed signals [although interaction terms can also do this
(51)], and more precise measures of driver intensity and extine-
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tion risk might be available than can be had globally (54, 55).
Broad- and narrow-scale analyses each give part of an obviously
very complex picture. Furthermore, we have focused on phylo-
genetic nonindependence, but to fully consider the interaction
between biology and geography, the development of methods
that also deal with spatial nonindependence in comparative data
will be eritical.

Analyses modeling risk as a function of intrinsic biology (i.e.,
not including driver information) can highlight species at lower
risk than expected from their geography, ecology, and life
history (56). Such species may be particularly likely to decline
rapidly if drivers intensify, because their attributes are repeatedly
found in rapidly declining taxa. Cardillo et al (56) termed this
“latent risk™ and propesed 20 regions with largely intact, but
intrinsically susceptible, mammalian faunas. These include the
Mearctic boreal forests and the island arc of Southeast Asia, and
are mostly not exceptionally high in numbers of total, endemic,
or threatened species. Many have much less than 10% of their
land within reserves, and some (especially in southeast Asia) face
very rapid human population growth. As such, latent-risk hot-
spots might represent cost-effective options for long-term con-
servation. However, these analyses do not yet consider realistic
scenarios of future driver patterns; rather, they implicitly assume
that places with low intensity will experience an increase 1o more
typical levels (56). The next section discusses how more policy-
relevant predictions could be obtained by projecting future
driver patterns based on explicit scenarios.

Modeling Future Declines

Predicting future declines is more complex than explaining
present declines, because the future is not just a linear extrap-
olation from the past and present. Past extinctions were largely
caused by invasive species and overexploitation; habitar alter-
ation is now a more important driver (9). Changes in land use
have been mapped historically (www.mnp.nl/hyde) and are
tracked in the present day ( http:/glef.umiacs.umd.edu data), but
analogous spatial data for other main drivers are more prob-
lematic. Wild species might be most vulnerable to overexploi-
tation where people live at high density and have few other
protein sources, suggesting that predictive models can be devel-
oped at regional scales (57, 58). The patterns and driving
processes behind invasive species have varied over time (59),
and, although there are clear associations with global movements
from human migration and trade, identifying clear predictive
methods for the intensity of invasives is a work in progress (60).
The same is true for disease (61).

Given the difficulties in obtaining spatial data on the present
intensity of direct drivers, let alone future projections, an
alternative is to work with information on indirect drivers—in
particular, human population density and growth and patterns of
land conversion. Projections of these drivers are available under
arange of socioeconomic scenarios (62). Intensity data alone are
not enough, however; the response curves linking intensity to
decline are also needed, and responses will depend on how
bullet-proof the biota is. Thus, declines need to be modeled as
a function of both driver intensity and relevant biological
attributes. A first step (63) considered a single driver (human
population density) under a single growth scenario, coupling
explanatory models of carnivore extinction risk from compara-
tive analyses with human population projections to identify
species whose conservation status was likely to worsen.

Here, we enlarge this approach in a preliminary analysis of rwo
drivers and all mammals. Across ecoregions, the proportion of
species with risk status higher than LC was modeled (as a
binomial denominatory as a function of two drivers and rwo
summaries of biological vulnerability by using generalized addi-
tive models (64) to avoid forcing any particular form on the
relationship. A smooth relationship was fitted to link risk level
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to mean human population density (65) and the proportion of
land converted to urban or cropland (66, 67). A second smooth
relationship was fitted to control for two biotic variables [pro-
portion of species weighing =3 kg, the size at which ecology and
life history begin to influence risk strongly (44), and the pro-
portion of species in the lowest quartile of global range size
(K.E.J, 1B, AP, C.D.LO., Susanne A. Fritz, Christina Con-
nolly, Amber Teacher, J.L.G., R.G., Elizabeth Boakes, Michael
Habib, Janna Rist, Chris Carbone, Christopher A. Plaster,
O.R.P.B.-E., Janine K. Foster, Elisabeth A. Rigby, Michael I.
Cutts, Samantha A. Price, Wes Sechrest, Justin O"Dell, Kamran
Safi, M.C., and G.M.M., unpublished data)]. Fig. 4 shows the
marginal effect of the drivers on extinction risk. The two drivers
are strongly correlated across ecoregions and interact strongly.
As expected, risk is low when both drivers are at the very lowest
levels. However, risk rises rapidly as either driver increases.
Medium levels of land conversion and low density are associated
with high levels of risk, but risk falls as land conversion rises
further. This suggests that land conversion is an extinction filter
(68), removing one set of species sufficiently thoroughly that
highly converted regions can again have low levels of risk, with
only the more bullet-proof taxa remaining. Scenario analysis will
obviously need to count projected extinctions as well as declines
and may need to consider historical as well as present driver
patterns. As human density reaches high levels, risk levels
become uniformly higher.

A more refined model, perhaps incorporating other drivers,
could be combined with projected future driver intensity to
predict where a high proportion of species will decline. Such an
approach uses the spatial heterogeneity in present driver inten-
sity as a surrogate time series, with high-intensity ecoregions
suggesting what will happen elsewhere as conditions deteriorate.
However, incorporating climate change into this modeling ap-
proach presents major challenges. Because it has not been a
major driver of present risk parterns, we have not yet seen how
intensity will relate to impact and cannot use spatial heteroge-
neity as a guide. Bioclimatic envelope models suggest that
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Table 1. Numbers of ecoregions jointly ranked in the top 50 (of a total of 791) by each pair of currencies,

according to greedy complementarity searches

Latent Evolutionary
Richness EDGE ELEH Extinctions Diversification risk history
Richness 50 41 22 21 24 15 36
EDGE 50 26 22 33 17 39
ELEH 50 34 18 10 26
Extinctions 50 20 9 21
Diversification 50 16 30
Latent risk 50 16
Evoluticnary history S0

climate change is already affecting many species including
mammals (69) and may soon be the dominant driver, possibly
exacerbated by interactions with invasive species and other
threats (70). Climate change is likely to particulatly impact
species that face geographical or biological barriers to dispersal
or that depend on environmental cues that may break down as
climate changes (71).

Setting Priorities Among Areas

Conservation spending is not nearly enough to maintain even the
current inadequate network of reserves and protected areas (72).
The identification and prioritization of global conservation
networks are a major focus of conservation dollars (73). How-
ever, rankings inherently depend on the currency used to
evaluate regions. A simple demonstration can be provided by
ranking ecoregions, in this case by applying a greedy comple-
mentarity algorithm, to maximize the capture of seven possible
currencies for mammalian conservation: species richness; total
numbers of species extinctions predicted in the next 100 vears
from current Red List status (using the probabilities of extinction
inref. 74); two measures combining evolutionary uniqueness and
present extinction risk [EDGE (75) and ELEH (74), both
summed across species in the ecoregion]; evolutionary dyna-
mism (indexed as the sum of the reciprocal of the terminal
branch lengths of species in the ecoregion); evolutionary history
(estimated as the total branch length in the phylogeny of the
ecoregion’s species, adjusted for polytomies as described above);
and total latent risk (56). Species-rich areas are likely to sum to
higher values and, hence. rank highly across all currencies.
Nonetheless, Table 1 shows that rank order differs considerably
even for similar measures designed to optimize the same cur-
rency (e.g., EDGE and ELEH). The biggest difference is be-
tween latent risk and numbers of extinctions. This is perhaps
unsurprising, because latent risk gives high weights to species
that are less threatened (although not all species were weighted
for latent risk, weakening the comparison). A greedy algorithm
makes choices based on maximizing the immediate gain in
currency at each step and so may give globally suboptimal
complementarity networks (76). In addition, ecoregions are, in
any case, larger than most current conservation-management
units (20). Our aim here is simply to show that surrogacy among
currencies may be low. Furthermore, other more subjective or
hatrd-to-quantify criteria might also be considered important—
for example, the ecological function of a species or lineage, its
cultural significance, or its charismatic appeal to humans {77)—
further impeding comparisons berween areas with similar num-
bers of species.

Even if a currency can be agreed upon, a reserve network
optimized for one clade is likely to be suboptimal for another
(20). It is often tempting to use a single group as a surrogate for
biodiversity as a whole, but other clades are likely to have very
different—and equally complex—patterns of diversity and ex-
tinction risk. The lack of strong surrogacy among groups intro-
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duces extra uncertainty into the measured biodiversity value of
the regions being considered. In addition, we have focused on
conservation benefits rather than costs, but costs vary spatially
by several orders of magnitude (72, 78). Cost—benefit models can
suggest very different priorities from allocations based solely on
perceived biodiversity value (79). So, if we assume that rational
decision making must consider both benefits and costs, perhaps
the most sensible investment would be in intact but susceptible
regions (56, 78). Public health-care systems may provide a useful
analogy: A balanced health-care strategy includes money for
preventative medicine as well as for hospital wards and life
SUpport.

Beyond the Declines: The Evolutionary Future?

The primary goal for most conservation management has been
to maximize preservation of current diversity. However, by
altering the environment, humans also influence future evolu-
tion (80). A previous National Academy of Sciences Colloquium
(81, 82) raised an important question: Should conservation goals
be extended to consider the evolutionary future? A range of time
scales might be considered. In the short term, species-recovery
plans can address the requirements needed for continued adap-
tive evolution within populations (83). But what of the longer
term? We can identify clades that have recently diversified and
the regions in which they are found (Fig. 2b). These lineages or
areas might represent engines of speciation: Are they therefore
conservation priorities? The distinction between maximizing
evolutionary history versus centers of diversification is non-
trivial. A network of reserves designed to capture maximal
evolutionary history would look very different from one de-
signed to capture rapidly speciating lineages (Table 1), because
rapid diversification results in low phylogenetic diversity per
species (27, 34). However, past “success” may be a poor indicator
of future performance because of the contingent nature of
evolution (84, 85). The geographic pattern of mammalian di-
versification rates has changed markedly through time (Fig. 2
a—c), and different lineages have also radiated at different times
(11, 86).

One secure prediction is that future environmental conditions
will almost certainly differ from those in the past. Nonetheless,
extrapolating current trends, key environmental changes are
likely to include increasing habitat loss and fragmentation,
drastic shifts in species abundances and distributions, and cli-
mate change (see above) (81, 87). Changes in the biotic and
abiotic composition of the environment (including extinctions)
may restructure niche space and moderate constraints on diver-
sification imposed by niche saturation. Major turnovers in
species composition may therefore be expected (88). Unfortu-
nately, we lack detailed information on the past states of these
attributes in geological history and so cannot easily construct
quantitative empirical models that can be projected forward.
Predicting the evolutionary future is hampered by large uncer-
tainty about the magnitude and form of environmental change
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and by lineage-specific responses. If we wished to safeguard the
evolutionary future, a sensible strategy would be to maintain a
set of species that is overdispersed with respect to their ecolog-
ical adaptations and (as a simple proxy) their phylogeny, max-
imizing the possibility of having the right set of features in an
uncertain future (89).

Returning to our eriginal question, should conservation goals
consider the long-term evolutionary future? We sound two notes
of caution. First, although we have restricted our focus to
mammals, they are only a tiny branch on the Tree of Life, and
many of the major limbs, from ciliates 1o Chiamydia, may be
better insulated from anthropogenic disturbances (10). The
evolutionary future of life on Earth is therefore unlikely to be in
serious jeopardy. Second, anthropogenic environmental change
and extinctions are occurring on the order of tens to hundreds
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of years, but times to speciation are frequently estimated in
thousands to millions of years (87), and recovery times after
previous mass extinction events were perhaps 5-10 million years
(12). These time scales are too great for practical management.
Diversity will almost certainly rebound after the current extine-
tion event; however, it may be composed of species descended
from a different, as vet unknown, subset of lineages from those
that dominate now, and humans will likely not be included
among them. Practical conservation should retain its focus on
minimizing declines and extinctions in the present day.
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Appendix B: R code to compute D

d.data <- function (ds, phy, bininds, tipsinds, permut=1000,
verbose=FALSE) {

if (verbose) (print("Computing phylogenetically random
permutations..."))

kseq <- seqg(length(ds)+1l, by=1, length.out=permut)

for (k in kseq) {
ds[,k] <- sample(ds[,bininds])
names (ds) [k] <- paste("Var", k, sep="")

}

names (ds) [tipsinds] <- "tipnames"

explvarsran <- paste(paste("Var", kseq, sep=""),
collapse="+")

if (verbose) (print("Computing phylogenetically
clumped permutations..."))
lamtree <- lambdaTree (phy, 1)
simmat <- matrix(rep (0,permut”2), nrow=permut,
ncol=permut)
for (i in 1l:permut) (simmat[i,i] <- 1)
simchar <- sim.char (lamtree, simmat)
simds <- as.data.frame(simchar[l:1length(ds[,1]),
l:permut,1])
simdsS$Stipnames <- rownames (simds)
simdsSresp <- sample(simds[,1])
propone <- length(which(ds[,bininds]==1)) /
length(ds[,bininds])
for (k in 1l:permut) {
tipvals <- simds/|[, k]
names (tipvals) <- rownames (simds)
tipvals <- sort(tipvals)
ones <- names (tipvals) [ (length (tipvals) -
round (length (tipvals) *propone,
0)+1) :1length (tipvals) ]
simds [which (is.element (rownames (simds), ones)), k]
<- round(1l,0)
simds[which(!is.element (rownames (simds),
ones)),k] <- round(0,0)
}
explvarssim <- paste(paste("V", c(l:permut), sep=""),
collapse="+")

return(list (ds.random=ds, formula.random=
paste (names (ds) [bininds], "~", explvarsran,
sep=""), ds.brownian=simds,
formula.brownian=paste ("resp~", explvarssim,
Sep:"") ) )
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d.fit <- function(d.ds, phy, verbose=FALSE) {

if (verbose) (print("Getting nodal value
estimates..."))

ran <- crunch(as.formula(d.ds[[2]]), d.ds[[1]], phy,
names.col=tipnames, polytomy.brlen=0)

brw <- crunch(as.formula(d.ds[[4]]), d.ds[[3]], phy,
names.col=tipnames, polytomy.brlen=0)

return(list (contr.random=ran, contr.brownian=brw,
ds.random=d.dsS$ds.random,
ds.brownian=d.dsS$ds.brownian))

sumofdiffs <- function (caicobj, ds, tipnames) {

tipnames <- deparse (substitute (tipnames))

tipsinds <- match (tipnames, names (ds))

if (is.na(tipsinds)) (stop("'", tipnames, "' is not a
column name in ds."))

edges <- as.data.frame (caicobjS$SphySedge)

edgesS$bl <- caicobjS$phy$edge.length

responsev <-
attr (caicobj$contrast.data$ScontrSresponse,
"dimnames") [[2]]

variables <-
attr (caicobj$contrast.data$contr$explanatory,
"dimnames") [[2]]

nvs <- caicobj$contrast.data$nodalValsS$Sresponsel[,1]

edgesS$Sstartnv <- nvs[match (edges[,1], names(nvs))]

tips <- ds[match(caicobjS$phyS$tip.label,
ds[,tipsinds]),which (names (ds)==responsev) ]

names (tips) <- c(l:length(tips))

allnvs <- c(nvs, tips)

allnvs <- allnvs[order (as.numeric (names (allnvs))) ]

edgesS$Sendnv <- allnvs[match (edges[,2], names(allnvs))]

edgesSchange <- abs (edgesS$startnv-edges$endnv)

rtvr <- sum(edgesS$Schange)

names (rtvr) <- responsev

rtv <- numeric (0)
for (i in seg(along=variables)) {
nvs <-
caicobj$contrast.datas$nodalVals$Sexplanatory
[,which (attr (caicobj$contrast.data$nodalval
sSexplanatory, "dimnames") [[2]]
==variables[i]) ]
edgesS$Sstartnv <- nvs|[match (edges([,1],
names (nvs) ) ]
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tips <- ds[,which (names (ds)==variables[i]) ]
[match (caicobj$phyStip.label,
ds[,tipsinds]) ]
names (tips) <- c(l:length(tips))
allnvs <- c(nvs, tips)
allnvs <-
allnvs[order (as.numeric (names (allnvs))) ]
edges$endnv <- allnvs[match (edges], 2],
names (allnvs)) ]
edgesSchange <- abs (edgesS$Sstartnv-edges$endnv)
rtv <- append(rtv, sum(edges$change))
names (rtv) [1] <- variables[i]

}

return (list (sumod.resp=rtvr, sumod.expl=rtv))

d.compute <- function(d.fit.obj, verbose=FALSE) {

if (verbose) (print("Computing output..."))

ran <- sumofdiffs(d.fit.objS$contr.random,
d.fit.obj$ds.random, tipnames)

brw <- sumofdiffs(d.fit.obj$contr.brownian,
d.fit.objS$ds.brownian, tipnames)

d.est <- (as.numeric (ran$Ssumod.resp) -
mean (brwSsumod.expl)) / (mean(ranSsumod.expl) -
mean (brwSsumod.expl))

d.pval.l <- length(which (ran$sumod.expl
<as.numeric (ran$sumod.resp))) /
length (ran$sumod.expl)

d.pval.0 <- length(which (brw$sumod.expl
>as.numeric (ranSsumod.resp))) /
length (brw$sumod.expl)

ret <- list (DEstimate=d.est, Pvall=d.pval.l,
PvalO=d.pval.0, Parameters=1list (Observed=
as.numeric (ran$sumod.resp),
MeanRandom=mean (ran$sumod.expl),
MeanBrownian=mean (brw$sumod.expl)),
Permutations=1list (random=ran$sumod.expl,
brownian=brwSsumod.expl))

if (verbose) (print(str(ret)))

return (ret)
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phylo.d <- function(ds, phy, binvar, tipnames, permut=1000,
verbose=TRUE) {

if (!is.data.frame(ds)) (stop("'",
deparse (substitute(ds)), "' must be an object of
class 'data.frame'."))

if (!inherits(phy, "phylo")) (stop("'",
deparse (substitute (phy)), "' is not of class
lphylol ."))

binvar <- deparse(substitute (binvar))

bininds <- match (binvar, names (ds))

if (is.na(bininds)) (stop("'", binvar, "' is not a
column name in ds."))

tipnames <- deparse (substitute (tipnames))

tipsinds <- match (tipnames, names (ds))

if (is.na(tipsinds)) (stop("'", tipnames, "' is not a
column name in ds."))

if (!is.numeric(permut)) (stop("'", permut, "' is not
numeric."))

myds <- d.data(ds=ds, phy=phy, bininds=bininds,
tipsinds=tipsinds, permut=permut,
verbose=verbose)

myfit <- d.fit (d.ds=myds, phy=phy, verbose=verbose)

myd <- d.compute (myfit, verbose=verbose)

return (myd)
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Appendix C: The composite phylogeny of mammalian,

avian and anuran families

Anura i

Mammalia = e —
—
Aves
300 200 100 :

Time (million years ago)

Fig. C-1. Overview of the composite phylogeny showing mammalian,

avian and anuran families.



Appendices 166

Leiopelmatidae
Pipidae
Rhinophrynidae
Bombinatoridae
Alytidae
Megophryidae
Pelobatidae
Scaphiopodidae
Pelodytidae
Heleophrynidae
Microhylidae

— Arthroleptidae
Hypercliidae
Brevicipitidae
Hemisotidae

Ptychadenidae
Ceratobatrachidae
Micrixalidae
Phrynobatrachidae
Pyxicephalidae
Ranixalidae
Petropedetidae
Dicroglossidae
Mantellidae
Rhacophoridae
Ranidae
Nyctibatrachidae
Sooglossidae
Calyptocephalellidae
Myecbatrachidae
Limnodynastidae
Hemiphractidae
—— Brachycephalidae
——  Craugastoridae
—— Eleutherodactylidae
Strabomantidae
Cryptobatrachidae
Amphignathodontidae
Hylidae

Centrolenidae
E Leiuperidae
Leptodactylidae

Ceratophryidae
Hylodidae

—L_ Cycloramphidae

Bufonidae

Aromobatidae
Dendrobatidae

N

I

250 200 150 100 50 O

Time (million years ago)

Fig. C-2. Phylogeny of anuran families.
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Figure C-3. Phylogeny of mammalian families (part 1 of 2).
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Figure C-4. Phylogeny of mammalian families (part 2 of 2).
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Figure C-5. Phylogeny of avian families (part 1 of 2).
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Figure C-6. Phylogeny of avian families (part 2 of 2).
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