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Abstract

It is now widely acknowledged that a high proportion of the world’s species are threatened
with global extinction in the near future. Conserving all endangered speciesisimpractica due
to limited financial resources and manpower. Therefore, thereisarea need to understand the
mechanisms behind the extinction processin order to develop a proactive rather than reactive
conservation strategy. Furthermore, given these limitations thereis a need to be selective,
prioritising species or areas hot just on the basis of extinction risk or the number of species
present, but with consideration for their role within the ecosystem. In thisthesis, | investigate
three aspects of current global extinction: What causes species to become threatened, how we
should prioritise those that are, and how such information can be trandated into area-based

conservation priorities.

Firstly, | developed models of plant extinction risk in relation to environmental
(anthropogenic, climatic, and physical) variables and used them to show that non-randomness
in extinction risk is highly influenced by interactions between the plantstraits and their
environment. Incorporating such interactions, my models were able to explain ~30% of the
variation in plant extinction risk. Results from this large-scal e comparative study suggest the
biological traitsthat increase species’ susceptibility are dependent upon local environmental

conditions.

Secondly, | looked at how much unique evolutionary history, a proxy for species value, will
be lost under current extinction patterns, whilst investigating how effective current
conservation methods are at prioritising species based on their evolutionary value. The results
are not promising; species threatened with extinction had disproportionately high quantities
of unique evolutionary history. Furthermore, the IUCN Red List makes no allowance for this,
for example, species considered Critically Endangered, the highest threat status under the
IUCN Red List, may not necessarily be the most evolutionary unique.

Finally, I looked at the relationships among species richness, versity (FD) and phylogenetic
diversity (PD) as measures of biodiversity and therefore the conservation value of an area. It
was found speciesrichnessis generally a good surrogate for FD and PD. However, agricultura
development and climatic variation bring out discrepancies between species richness, FD and
PD, challenging the claim of interchangeability of different diversity measures, with potential

consequences for conservation planning.
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Chapter 1: Introduction

The 6™ mass extinction crisis

Thereis now little doubt that many populations worldwide are declining or
undergoing local extinction, causing many species to be threatened with global
extinction. Indeed, it has been suggested we are entering the period of the 6™ mass
extinction (Wake and Vredenburg 2008, Dunn et al. 2009). Results from the latest
IUCN Red List of Threatened Species corroborates this worrying observation, with
21% of mammal, 12% of bird and 32% of amphibian species currently listed as
threatened with extinction, atotal of 4268 threatened species just in these three taxa
(TUCN 2008). However, the true extinction risk may be higher: 15% of mammals, 1%
of birds and 25% of amphibians are classified as Data Deficient because insufficient
datais available to evaluate their risk status (IUCN 2008). Furthermore, due to the
global demands of a growing human population, the current extinction crisis looks set
to worsen, likely resulting in more species becoming threatened and subsequent
damaging aterations of ecosystems (Millennium Ecosystem Assessment 2005).

One group conspicuous by its absence from the above observations is plants: despite
the survival of humanity and of many other species relying on plantsto provide the
structure of most terrestrial ecosystems (Wyse and Kennedy 2009). This absence does
not mean that plants are not under threat; the latest global analysis of threatened
plants indicates that 21.5% of plant species are threatened, making them more
threatened than birds or mammals (Royal Botanic Gardens Kew 2010).

Furthermore, there are many ongoing environmental changes that are expected to

further reduce plant biodiversity. For example, climate change models show that as
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temperature increases, precipitation patterns change, desertification becomes more
prevalent, sea-levelsrise, growing seasons fluctuate, pollinators and seed dispersers
decrease in number, and the frequency and intensity of extreme weather events, such
as droughts, storms and floods, increase, plant species will be lost (Wyse and
Kennedy 2009). The aim of conservation science isto inform policy and practice to
counter extinction threats through the development of a scientifically rigorous
methodology, firstly to understand what causes species to become extinct and
secondly, with so many species facing extinction, to decide what criteria we should
use to prioritise conservation efforts. My thesis will address several themes related to

this central aim.

Measuring extinction risk

In order to protect species an understanding of how susceptible they are to extinction
isafundamental requirement. Throughout my thesis, | will use classifications from
The Global IUCN Red List of Threatened Species (IUCN 2001) as estimates of
species extinction risk. Assessments for the Red List are made using one or more of
five quantitative criteria.

Species are assessed for population reduction (Criterion A); small geographic range
size and its decline (Criterion B); small population size and its decline (Criterion C);
very small or restricted population (Criterion D); predictions from a quantitative
analysis regarding the time to extinction in the wild are taken into account (Criterion
E).

Species are assigned to a Red List category based on an evaluation of range or
popul ation data against quantitative thresholds in the 5 Red List criteria. The criteria
were devised 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:
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Criticaly Endangered (CR) — at least 50% chance of extinction within 10 years or
three generations (maximum of 100 years); Endangered (EN) — at least 20% chance
of extinction within 20 years or five generations (maximum of 100 years); Vulnerable
(VU) — at least10% chance of extinction within 100 years (IUCN 2001).However,
these estimates are generalisations, and any detailed prediction should involve
species-specific parameters (Mace 1995). In reality, timescales to extinction are likely
to be longer than the estimates above (Redding and Mooers 2006). If species nearly,
but do not quite, fulfill any of the quantitative criteria, they can be classified as Near
Threatened (NT), whereas species not qualifying under any criterion are ranked as
Least Concern (LC). Species with insufficient data to assign to arisk category arisk
category, or with unresolved taxonomic status are designated as Data Deficient (DD).

Dueto the quantitative basis of assigning a species to a category using the above
criteria, and the easily comprehensible and flexible framework of assessments, the
IUCN Red List can handle uncertainty and give consistent results across taxa
(Akcakaya et al. 2000), and the criteria are designed so that a species should be
assigned to the same category under different criteria, assuming sufficient dataon
range size and population size and its trend is known. Consequently, the lUCN Red
List isthe considered to the best available dataset of extinction risk estimates
(Rodrigues et al. 2006).

High profile global Red List assessments have now been undertaken for a suite of
vertebrate taxa (birds, amphibians and mammals) (IUCN 2008). However, thereisa
taxonomic bias to the assessments: highly diverse taxa are currently very poorly
represented (IUCN 2011). One group that is poorly represented are plants. Fewer than
one thousand species of plants are fully documented by the IUCN in their last report
on threatened species (IUCN 2011); thisis despite the fundamental role plants play in
many ecosystem processes (Isbell et al. 2011). The limited representation of plantsis
primarily due to the relatively large number plant species; an estimated 352,000 for

just the flowering plants, in relation to the number of botanical experts available to
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assess the conservation status of each of the earth’s species, and the lack of sufficient
suitable, available information in order to apply the Red List Criteriafor most plant
species (Brummitt et al. 2008). The lack of information regarding the current risk of
plant extinctions needs to be addressed.

The Sampled Red List Index (SRLI) was developed as an attempt to address the
taxonomic biasin the coverage of IUCN assessments, based on a random subset of
species for groups to be assessed (Butchart et al. 2005, Baillie et al. 2008).

In order to ensure a representative taxonomic and geographic distribution species
were randomly selected, without re- placement, 1,500 species from each group,
50,000 times. On average, the proportion of speciesin each threat class (threatened,
non-threatened, data deficient), Order and biogeographic realm, was not significantly
different from the overall proportion of speciesin each class for the three groups with
the 95% distributions less than 2.5% from the actual values (Baillie 2008, Meagher et
al. pers comm.). In anumber of taxonomic groups there will be strata with few
representatives (e.g., one member of an Order), and these may not be represented in
the sample, but this does not mean that the sample is not generally representative of
the entire taxonomic group (Baillie 2008, Meagher et al. pers comm.). The SRLI
species will be reassessed at regular intervals allowing the changes in conservation
status for species and overall trends in more speciose groups to be quantified
(Butchart et al. 2005; Baillie et al. 2008).The SRLI for Plants (Brummitt et al. 2008)
assesses the threat status of arandom sample of 1,500 species for each of four major
taxa: bryophytes, pteridophytes, monocots, dicots; and al of the ¢.1000 gymnosperm

Species.

Corrdates of extinction risk

Species are often the fundamental unit for conservation and the level at which many
initiatives work (IUCN 2008), therefore understanding what drives species to
extinction and why different taxa are not equally susceptible is of central importance,
whilst the scale of the current extinction crisisis such that global approaches are
needed both to understand the complex patterns of extinction risk, and to counter
them (Rondinini et al. 2011).
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Studying current extinction risk differs from the study of past extinctions, asit is
likely the ultimate causes differ (Purvis 2008). Available data show that a range of
factors associated with human impact, such as widespread habitat 1o0ss, contribute to
current risk of extinction (Cardillo et al. 2008), whilst complex synergies exist
between such factors and the species local environment to influence a species
susceptibility (Freville et al. 2007). One method that has proved powerful in
disentangling the extrinsic and intrinsic factors influencing a species extinction risk is

acomparative analysis across species (Purvis et al. 2000a).

However, despite their importance in a number of ecosystems, global studies
investigating correlates of extinction risk in plants are relativel y scarce compared to
those for other taxa (Cardillo et al. 2008, Cardillo et al. 2005, Cooper et al. 2008,
Jones et al. 2003, Purvis 2008). Thisislikely to be a consequence of their large

number of species, as described above.

Those studies investigating correlates of extinction risk in plants have found that a
number of intrinsic traits can influence the risk of extinction of a species (Sodhi et al.
2008). These include breeding system; for example, dioecious species (with male and
femal e reproductive functions separated into separate individuals) have been
demonstrated to have an increased risk of extinction when compared with
hermaphroditic species (Vamos and Vamos 2005). Mode of pollination also has an
effect; species with biotic pollination syndromes have an increased risk of extinction
over those with abiotic vectors (Pocock et al. 2006, Sodhi et al. 2008). One criticism
of thistrait-by-trait approach isthat it treats traits in isolation from each other,
neglecting the interactions between traits that may affect the extinction risk (Lawton
et al. 1994). For example, most dioecious species require pollinatorsin order to set
seed and have been demonstrated to be more susceptible to fluctuations in local

pollinator abundance than are hermaphroditic species (Heilbuth et al. 2001).
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However, using multivariate approaches, such as generalised linear models, complex
synergistic effects and interactions can be taken into account.

In chapter 3 of thisthesis, | use the comparative method to investigate the complex
patterns of global species extinction risk for the sample of SRLI of monocot species.
The monocotyledons are alarge group of plants with an estimated 60,000 species, a
large diversity of life formsincluding numerous commercially important species,
with aworldwide distribution. They therefore make a suitable group to study global
patterns of extinction. The majority of aforementioned studies have focused solely
upon ecological traits (Sodhi et al. 2008, Bradshaw et al. 2008); however,
anthropogenic (e.g. urbanisation) and climatic (e.g. temperature) factors have been
demonstrated to play a significant role in shaping the observed variation in species
extinction risk in a number of taxa (Cardillo et al. 2004, Cooper et al. 2008). | shall
investigate how much influence these factors have in determining the susceptibility of
plant species to extinction in order to provide a more holistic picture and allow direct

comparisons with other taxa.

Valuing speciesfor conservation

Given the number of species facing extinction, and the limited resources available to
conservation, an understanding of the causal mechanisms leading to a species’
extinction risk is required for the effective prioritisation of conservation effort.
However, thisis not achieved using species as the sole currency of conservation,
which provides no method of filtering out those most deserving, i.e. it makesthe
assumption that all species are of equal value (Faith 1992). Consequently,
conservation planners have long been forced into the unenviable situation of having
to prioritise which species should receive the most protection (Vane-Wright et al.
1991) adilemmarthat has been the focus of much discussion, described as the “agony

of choice” or “Noah’s Ark problem”.
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Attaching aweighting to a species raises the problem of defining value. A range of
methods have been advocated, focusing on: restricted- range endemics (Roberts, et al.
2002), significant “umbrella” (Fleishman et al. 2000), “keystone” (Boswell et al. 1998)
or “indicator” (Peterken 1974) species. A relatively recent approach has been to value
species in economic terms; asking what services these species provide to humans and
how much would it cost to replace them (Nunes and van den Bergh 2001; Millennium
Ecosystem Assessment, 2005); however, the potentia for human use has yet to be
explored for most plant species. Furthermore, the role species play in sustaining the
community in which they exist is not fully understood and so cannot usually be taken

into account.

Due to the relative ease in determining the phylogenetic placement of a species, it has
been suggested that species should be valued according to their evolutionary
distinctiveness (Nee and May 1997). Species with greater evolutionary distinctiveness
contain a greater quantity of unique evolutionary history (EH), as determined by the
tempo and mode of divergence from its sister species, with the extinction of a species
in an old, monotypic or species-poor clade resulting in a greater loss of EH than that
of amore recently evolved species with many close relatives. Species with high EH
vaues aso have a greater influence on ecosystem structure and function, whilst, on
average, having higher morphological variability and behavioral complexity (Erwin
2008). Conserving a species based on its EH may therefore be thought of as
preserving future potential, increasing the chance of providing a species with the tools
required to survive in an uncertain future (Forest et al. 2007). However,
distinctiveness alone is not always a suitable method to prioritise species. For
example, the most evolutionarily distinct species may not be at risk of extinction.
Therefore, an understanding of the relationship between species’ EH values and
extinction is required to set priorities for plant conservation based not only on the
likelihood that a species will be lost, but also on its irreplaceability (Isaac et al. 2007).
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To date the results of studies relating EH to extinction risk have not been
encouraging: mammal and bird species on longer branches (i.e. with high EH values)
have higher extinction risk (Mace et al. 2003). The non-random extinction risk,
demonstrated in many phylogenies (Chapter 3; Cooper et al. 2008, Cardillo et al.
2005, Davies et al. 2008) is thought to underlie this correlation and may have arisen
due to either or both of the following scenarios: First, any phylogenetic clumping of
factors that promote risk would increase the chance of al speciesin polytypic taxa,
and hence those clades as awhole, being lost. Second, if such phylogenetically
distributed traits have already mediated considerable extinction, then many
monotypic genera or families might be the last survivors of once-larger clades
(Purvis et al. 2000b).

Just as many of the studies investigating correlates of extinction risk have been of
mammal, bird or amphibian taxa (Isaac et al. 2007, Purvis et al. 2000a), with only a
minority focusing on plants, those looking at the relationship between EH and threat
have similar taxonomic bias. Once again thisis primarily due to alack of detailed
information, due to the large number of plant species and small number of specialists
compared to those of other taxa. The few botanical studies of EH and threat have
yielded mixed results. EH and threat have both been shown to be non-random with
respect to phylogeny; however, unlike mammal and bird species, it has been
suggested that threatened species tend to have low EH values, resultingin a
decreased loss in EH compared to null model predictions (Schwartz and Simber|off
2001). On the other hand, a global scale analysis using a family level super-tree
(Vamosi and Wilson 2008) provided some evidence that, as observed in other taxa
(Isaac et al. 2007, Purvis et al. 2000a), plant extinction risk is highest in small clades,
resulting in elevated EH loss compared with anull model of random extinction.



Chapter 1: Introduction 21

Using a species-level phylogeny of the speciesincluded in the SRLI sample of
monocot species (Chapter 2), Chapter 4 of this thesis tests the relationship between
EH and species Red List ratings, providing, to my knowledge, the first study of how
effective IUCN criteria are not only at highlighting plant species for conservation but

valuing them through an EH framework.

Valuing areasfor conservation

Rather than focus on the species as the fundamental unit of conservation, acommunity
level approach may be adopted, focusing upon habitats or ecosystems (Hodgson et al.
2011). Such an approach is generally used in the design of reserves or protected areas
(Margules and Pressey 2000, Pressey et al. 2007), however the same problem as
discussed above with regard to species also arise: How should we value an area and
prioritise between areas? Vane-Wright et al. (1991) developed the complementarity
approach to address this problem: an area or areas are compared against one another to
find the set of areas that collectively maximise the total diversity captured. First, a
reference set of species present in an areais selected, usualy those present in the
locality sampled first. Second, the species present in the potential additional areas are
compared to the reference set. Those areas that have the largest number of unique
species compared to the reference set are added, maximising the number of unique
species protected across al localities. This approach focuses upon the diversity of
species present, and has led to the development of biodiversity as the unit of

measurement frequently used to prioritise areas.

In April 2002 the Convention on Biologica Diversity (CBD, 2002) committed to
achieve by 2010 a significant reduction of the current rate of biodiversity loss at the
global, regional and national level — using the level of biodiversity within an area as

ameasure of its value.
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However this raises afundamental question: What is biodiversity? In recent decades,
conservation prioritisation has focused on measures of species richness and
endemism, the number of speciesin a given area and the number of those known
only from that area, as a proxy for biodiversity. Areas with higher species richness or
endemism that had already undergone significant loss of biodiversity were
designated biodiversity hotspots and deemed more deserving of urgent conservation
attention (Myers et al. 2001).

However, this approach assumes all species are equal, and makes no attempt to
differentiate species based on the role they play in their ecosystem (function) or their
evolutionary (phylogenetic) unigueness. Thisis particularly relevant because a
number of studies have demonstrated that under a range of scenarios species richness
may not be a good measure of these other facets of diversity (Cavender-Bares et al.
2009, Meynard et al. 2011).

Using the species level conservation assessments prepared for the SRLI for
monocots, in Chapter 5, | ook at the relationship between species richness,
phylogenetic and functional diversity to assess under what scenarios species richness
may prove to be a poor surrogate, as a contribution to the debate as to how

conservation resources may be allocated with maximum efficiency.

Phylogenetic Diversity

As discussed above and in Chapter 3, EH can be used as a method to attach value to
species. This can be extrapolated from a species-based valuation to a broader scale,
based on the complementarity approach of Vane-Wright et al. (1991). The value of an
areais assigned according to the sum of the species’ individual EH values within the
area, known as the phylogenetic diversity (PD; Faith 1996). One advantage of this

metric is the ease with which it can be cal culated and modified as more species or
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areas are added. A dated phylogenetic tree containing al species across all areasis
used to sum EH values for individual species within an areafor an overall PD,
which can then be compared to the score for the other areas, with the best areathe
one that spans the greatest number of nodes on the phylogeny (Faith 1996).

Beyond preserving the species that are the most unique in evolutionary history (the
benefits of this are discussed above), the quantity of PD within an areais an
important factor in explaining community productivity patterns and stability, thereby
benefiting the community as awhole (Cadotte et al. 2008).

Functional diversity

Above | discussed how species richness is not the only facet of biodiversity and
therefore not the only way to value an area; similarly, phylogenetic diversity is not
necessarily a complete measure either. It has long been suggested that the functioning
of ecosystems depends on the diversity of ecological traits shown by the species
within the ecosystems (Tilman et al. 1997, Loreau 1998, Ives et al. 1999) a diversity
that can be quantified and also used to assign value to an area (Diaz and Cabido
1997).

Measures of trait (functional) diversity have existed in anumber of formsfor a
number of years; however there are several stumbling blocks preventing the
widespread use of trait diversity by conservation biologists, for example in how such
functional diversity should be best measured (Petchey and Gaston 2002). Either all
species are considered to be functionally unique, or some species are considered to be
functionally identical, such that functiona groups can beidentified. However, in
reality functional diversity is a spectrum, which can take any point between these two
extremes, with some species being more similar than others at coarse functional scales
and all species differing at finer functional scales (Petchey and Gaston 2006).
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There have been a number of broad functional classification schemes. Naecem (1998)
put organisms into one of four functional groups based on traits describing how they
assimilate energy and carbon, whilst others differentiate functional groups based on
resource use by their trophic position (Loreau et al. 2001); e.g. herbivores, primary
consumers, secondary consumers and parasites. However, these classifications
require that species are assigned to functional groups and, hence, arbitrary decisions
about the scale at which differences between species are functionally insignificant are
needed. Discontinuous measures have previously been used; i.e. the number of
functional types or groups within the community (Stevens et al. 2003), as discussed
above. Alternatively, continuous measures can be used and offer the advantage of
providing a more informative and quantitative measure of the diversity present
(Petchey and Gaston 2002).

The method | will usein thisthesisisthat of Petchey and Gaston (2002), termed
functional diversity (FD): A species-by-trait matrix is converted into a distance
matrix - amethod similar to that of aprincipal component analysis, based on the
spread of points (species) in n dimensional trait space, clustering algorithms are then
used to convert the distance between the points into a functional dendrogram. A
dendogram is similar to a phylogenetic treein that it is a diagram used to represent
rel ationships between species; however, rather than being based on the degree of
genetic sequence similarity, in this case, it is based on the degree of functional
similarity. Consequently the same method as used to calculate the PD of an area— the
summating of branch lengths of the species present — can also be used to quantify the
FD present in that area. One advantage of this method isthat it was developed under
the same methodological framework used to calculate PD; consequently itisa
directly comparable metric Furthermore it is a continuous method and therefore

avoidsthe artificial categorisation of speciesinto classes (Petchey and Gaston 2002).
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Thesisaims

The overall aim of thisthesisisto investigate why certain species face extinction,
whilst others do not; and of those species facing extinction, how we should prioritise
them in terms of conservation effort. Thisis achieved using alarge, representative
sample of monaocots as the study group. Throughout, | develop and expand upon
methods used in other taxato understand patterns of plant extinction; this alows

direct comparisons between the plight of plants and other groups to be made.

In Chapter 2, | outline the methods used to construct the phylogenetic tree used in all
subsequent chapters.

In Chapter 3, | use avariety of statistical models to tease out the correlates of plant
extinction and investigate how these interact with the plants’ local environment,

resulting in the global patterns of extinction risk observed today.

In Chapter 4, | ask, in the context of conservation, are al species equal or should we
prioritise some over others and how well do current conservation methods achieve
this?

Finally, in Chapter 5, | extend thisto the community level asking what is biodiversity,
how should we quantify it and how do environmental variables influence its
distribution?
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Chapter 2: Developing a phylogenetic context

I ntroduction

Genetic information has revolutionised evolutionary biology, providing aframework
to test and develop arange of hypotheses. Subsequently there is alarge demand for
genetic sequences, which through advancements in computational methods and
molecular techniques, is now relatively easy to produce in ever-increasing quantities.
This has led to the devel opment of large, online large databases such as GenBank,

which act as repositories for sequence information (Benson et al. 2007). On

December 15" 2010, GenBank contained an estimated 129 million sequences, and has
doubled approximately every 18 months between 1982 and 2007 (Benson et al.2007).

Recently, there has been arapidly increasing effort from arange of disciplines, such as
ecology, to utilise this information, which has sought to put speciesinto a
phylogenetic context, bringing the evolutionary history and genealogical relationships
of speciesto bear on questions of conservation, community assembly and patterns of
diversity (Cavender-Bares et al. 2009). In the context of ecology, phylogenetic trees
have proved to be most useful; providing a quantitative measure of species difference,
therefore allowing the discrimination of species beyond their phenotypes (Faith

1996).

As sequence data for awide variety of organisms has become easier to acquire, interest
in inferring large-scale phylogenies has increased dramatically (Bininda- Emonds et al.
2002, Pisani et al. 2002, Bininda-Emonds 2004, McMahon and Sanderson 2006).
However, the process of going from raw GenBank sequence datato alarge, polished
phylogeny involves several computing challenges.



Chapter 2 — Developing a phylogenetic context 27

A phylogeny of the 1500 monocot sampled red list index (SRLI) speciesisa
cornerstone of my thesis, and a central requirement for the following chapters.
However, the reconstruction of a phylogenetic tree for the monocot SRLI
exemplifies this challenge: having alarge sample size (1500 species), a disjointed
taxon set (random sample from across the whole monocot phylogeny), and a number
of families or generathat are infrequently studied, and are therefore less likely to

have been sequenced.

Developing the method

Marker sdlection

Asthe phylogeny islarge and spans multiple orders and families, both historical and
contemporary processes need to be resolved in order to place species, arange of
genetic markers were needed. Using arange of markers results in a phenomenon
known as “signal enhancement” where the analysis of two or more combined
phylogenetic data sets can yield a novel solution not supported by the analysis of
either data set separatel y (Bininda-Emonds 2004). This arises because, when
combined, the congruent sub-signalsin the two data sets outwei gh the incongruent
primary signals in each. Generally, non-coding regions assign species to clades
(shallow = recent common ancestors) and protein coding and nuclear ribosomal gene
regions infer inter-clade (deep = less recent common ancestors) relationships (Pirie et
al. 2008). In this study the non-coding regions - trnL-F and ITS - were selected
because of their high variability, including length variation, whilst protein coding
regions matK (including non-coding flanking trnK spacer regions), rbcL, and ndhF
were sampled in order to resolve rel ationships between the clades (Pirie et al. 2008).
The markers matK and ndhF have been shown to be sufficiently variable to be useful

for phylogeny reconstruction at relatively low taxonomic levelsin other plant groups
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(Kim and Jansen 1995, Baum et al. 1998), while rbcL isless variable but has been
used in large number of studies and therefore has a good representation on GenBank.

Gathering and standardising the data

Sequences were downloaded from GenBank (Supplementary material 1) by entering
the following Boolean expression into the Entrez nucleotide database: “Liliopsida
[organism] AND (matK OR trnL OR rbcL OR ndhF OR ITS)”, which searches the
monocots for any of the keywordsin any field. | further limited the records to include
only those of 5kb length or less to exclude genomic sequences. Where species from
the 1500 were not present surrogate species were selected based on taxonomic

affiliation: i.e. subspecies or section (Supplementary materia 1).

The next step was to standardise taxon names, thisistypicaly aslow and error prone
process but is essential to maintain the integrity and validity of the dataset. Typical
problems that were corrected include; the numerous errors present in GenBank
submissions (misspellings and incorrect suffixes) (Bidartondo, 2008), updating names
where taxonomy has changed between submissions and dealing with name
duplications where single species are represented by multiple names, using the
International Plant Names Index (IPNI).

Data preparation

Processing alarge number of highly diverse sequences raises arange of
methodological challenges, however a number of methods have been devel oped to

handle such data, of which I shall discusstwo of the most commonly used,;
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Supertree or supermatrix?

The supertree method compiles many source trees, which are generated by the
independent analysis of the various loci; these trees are then combined either directly
or indirectly to produce a single, joint estimate of phylogeny or a*“supertree” (Fig.1-
1).
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Fig. 1-1. The development of informal (a) and formal (b) supertrees, reproduced with

permission (Bininda-Emonds 2004).

This approach has the advantage that it does not assume that al characters have
experienced the same branching history and can work from incompatible data types
(e.0. DNA sequences versus DNA-DNA hybridisation data) (Bininda-Emonds 2004).
Although straightforward, supertree methods are not without their limitations,
including problems related to data i ndependence (the same data can contribute to
more than one source tree) resulting in "artificial signal enhancement”, whilst novel
relationships in each independent tree can contradict each other and perhaps most
importantly, supertrees do not directly rely on the primary data for tree inference,
making novel topologies suspect (Smith et al. 2009). Perhaps due to these limitations,
and despite active development of methodologies, few large supertrees for diverse
groups have been successfully constructed. (However, see Jones et al. 2002).
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Alternatively, the sequences from the individual loci can be concatenated into one large
“supermatrix” from which atreeisinferred directly. The gold standard for such an
analysis remains a complete-matrix with the aim of scoring al charactersfor all taxa.
However because the datais often not obtained by targeted projects the taxon sampling
among loci tends to be very heterogeneous, leading to supermatrices that typically have
high quantities of missing data. Despite this sparse-matrix studies have met with
substantial success, even with up to 95% missing data (McMahon and Sanderson
2006). However there is always the risk that the heterogeneous nature of the data can
mask the phylogenetic information contained in these datasets and give the misleading
appearance of great uncertainty (Thomson and Shaffer 2010).

Sequence alignment

One of the biggest problemsin using arange of different loci is the alignment of the
sequence data, which is not really an issue in the supertree approach as each locus is
aligned independently, however working under a supermatrix framework the matrix
will contain both closely and distantly related taxa, which need to be aligned
simultaneously. Whilst the majority of multiple sequence alignment al gorithms
generaly assume that sequences differ only through processes of substitutions and
small insertions or deletions, therefore large-scale differences in length and degree of

overlap can lead to severe problems (McMahon 2006).

Final method

| experienced trouble aligning the supermatrix, the most difficult data sets originating
from regions with high sequence variation, particularly the nuclear ribosomal ITSand
the plastid trnL-F intron. However these are also among the most frequently
sequenced regions and were therefore critical to the study. Consequently | had to
modify the approach; | performed single gene alignments using MAFFT (Katoh et al.

2002), and then concatenated each of the gene sequences into a supermatrix using
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CONCATENATE (Alexis Criscuolo, http://www.supertriplets.univ-
montp2.fr/PhyloTools .php.). Taxafor which no sequences were gathered for agiven
partition were coded as missing values for the corresponding cells. Thisresulted in
1,305 species (Supplementary material 2), with 1,069 unambiguously aligned
informative characters and 83% missing data, from which the phylogeny was
inferred.

The general time-reversible model of sequence evolution with a gamma distribution,
to account for among-site nucleotide substitution rate variation (GTR+gamma), was
selected by JIMODELTEST (Posada 2008) as the substitution model that best fit the

data; and was subsequently used in al phylogenetic analyses. A single-partition ML
analysis was performed using RAXML version 7.0.0 (Stamatakis 2006) with a 1000

rapid bootstrap analysis followed by the search of the best-scoring treein one single
run. This analysis was done using the facilities made available by the CIPRES portal
in San Diego, USA (http://www.phylo.org/sub_sections/portal).

Due to missing data, and alack of marker overlap, anumber of species were
misplaced; therefore, an order level backbone constraint was used. The constraint was
built such that all taxa were present, but grouped in orders in accordance with APG

[11 (The Angiosperm Phylogeny Group 2009). Species were arranged as a polytomy
within ordersin this constraint. This approach allowed the topology of the species
within each order to be resolved with the sequence data from the supermatrix, while
the ordinal backbone of the tree was defined a priori.

It iswell established that molecular rates vary across lineages, and that this makesiit
difficult to estimate divergence dates accurately using DNA sequence data (Arbogast,
et al. 2002). Therefore, | converted the molecular branch lengths from the ML
analysis into units of time using nonparametric rate smoothing (NPRS; Sanderson,
1997) as implemented in the program R8s (version 1.7.1; Sanderson 2003), which
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alows for different rates on each branch of the tree.

Non-parametric rate smoothing (NPRS) is a method for estimating divergence times
when evolutionary rates are variable across lineages, using a least squares smoothing
approach that penalizes rates that change too quickly from branch to neighboring branch
(Sanderson, 2002). However NPRS makes a number of assumptions that | will outline
below: Firstly, NPRS may overfit the data, leading to rapid fluctuationsin ratesin
regions of a phylogeny where there are short branches (Bell and Donoghue 2005). Data
sets with little information content (i.e., few inferred substitutions across the phylogeny)
may tend to have zero-length branches in areas that are fairly unresolved, which would
result in the appearance of rapid rate fluctuation (Bell and Donoghue 2005). Second,
NPRS assumes that there is an autocorrelation of substitution rates and attempts to
minimize rate changes between ancestral/descendant branches on atree (i.e., at the
nodes) (Bell and Donoghue 2005). However using a number of different genes with
different patterns of molecular evolution would tend to compensate for unusual patterns
in any single dataset (Rutschmann et al. 2004). Alternatively, Bayesian based dating
methodsi.e. Mr Bayes and BEAST were trailed, however due to the large number of

species and the variety of markers, the chain failed to converge.

In order to estimate the divergence times, the tree was calibrated using five well-
characterised fossils (Table 2.1). The fina tree was visually checked against
published phylogenies and used as the basis for al phylogenetic anal yses throughout
the thesis (Supplementary materia 3).
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Fossils Reference Node Age (Mya)
Spinizonocol pites (Harley 1996, Bremer 2000) Stem node of 89.3 (min)

Arecaceae
(Arecaceae; pollen)
Spirematosper mum (Knobloch and Mai 1986, Bremer Stem node of 83.5 (min)
2000 Zingiberal
(Zingiberales; fruits) ) ngiberaies
Monoporites (Linder 1987, Bremer 2000) Stem node of 65.5 (min)
Poaceae
(Poaceae; pollen)
Araceae (Friiset al. 2004, Anderson and Stem node of 120 (min)
Janfen 2009) Alismatales
Pandanales (Gandolfo et al. 2002) Stem node of 90 (min)
Pandanales
Secondary molecular ~ (Bremer et al. 2003, Janssen and Crown node of 134 (max)

estimate

Bremer 2004)

monocots

Table 2-1. Fossils and secondary molecular estimates used as minimum and maximum

constraints used to obtain absol ute time estimates for the phylogenetic tree of monocots.
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Chapter 3: Correlatesof plant extinction risk:

anthropogenic, climatic and life-history

I ntroduction

Declines and extinctionsin the world’s flora have long been a cause for concern
(Koopowitz 1983). However, due to the number of plant species, an estimated
352,000 flowering plants (Paton, Brummitt et al. 2008) and their great diversity
(Ricklefs and Renner 1994, Kreft and Jetz 2007), very few studies compared to that
of mammals (Cardillo, Mace et al. 2005, Cardillo, Mace et al. 2006, Isaac, Turvey et
al. 2007) have sought to quantify or explain their decline. In fact fewer than one
thousand species of plants were properly documented by the International Union for
the Conservation of Nature (IUCN) in their last report (IUCN 2011). Given that we
arein what many consider to be the 6™ great mass extinction (Wake and Vredenburg
2008), together with the fundamental role plants play in many ecosystem processes,
the lack of information regarding patterns and processes of plant extinctions needs to
be addressed.

As an attempt to address the taxonomic biasin IUCN assessments, (IUCN 2011), and
as ameasure towards the World Summit on Sustainable Devel opment 2010 target (to
significantly reduce the current rate of biodiversity loss by 2010 (WHO 2002) the
Sampled Red List Index (SRLI) was developed (Butchart, Stattersfield et al. 2005,
Baillie, Collen et al. 2008). The SRLI, amodification of the Red List Index,
reassesses the same random sample of species at regular intervals and therefore
allows the relative changes in conservation status for more speciose groups to be
quantified. For plants, the SRLI assesses the threat status of arandom sample of 1500
species for each of 5 mgor taxa: bryophytes, pteriophytes, monocots, dicots and all of

the <1,500 gymnosperms (Brummitt, Bachman et al. 2008).



Chapter 3: Correlates of plant extinction risk 34

The publication of the first report from the SRLI for plants project, “Plants under
pressure — a global assessment” (Royal Botanic Gardens Kew 2010), brought the
plight of plants and to the forefront of conservation biology. The study results, based
on preliminary GIS based conservation assessments, found that of the 7000 plant
species studied, 21.5% of species were threatened, i.e. were within the [IUCN Red
List categories of Vulnerable, Endangered or Critically Endangered (IUCN, 2001).
This percentage is similar to that calculated for mammals (23% threatened) and much
higher than birds (12% threatened) (Baillie, Hilton-Taylor et al. 2004). In addition,
33% of plant species (compared with 7.8% of mammals and 0.8% of birds; Baillie,
Hilton-Taylor et al. 2004) are classed as data deficient (DD) (Royal Botanic Gardens
Kew, 2010). The high proportion of threatened and DD plant species makes
understanding the processes behind extinction risk in plants a priority in conservation

biology research.

An informative method by which to assess mammal, amphibian and bird extinction
risk has been the identification of correlates of extinction risk through statistical
models (Bennett and Owens 1997, Purvis et al. 2000a, Jones, Purvis et al. 2003,
Cardillo, Mace et al. 2008, Cooper, Bielby et al. 2008). The underlying assumption of
such amethod is that extinction risk is not random, but rather that there are intrinsic
traits associated with species vulnerability to extinction (Bennett and Owens 1997).
Traits associated with species ecology, reproduction, body size and range size have
proved informative in modeling the variation in extinction risk across a number of
animal taxa (Purvis et al. 2000a, Cardillo, Mace et al. 2005, Cooper, Bielby et al.
2008). Furthermore, the integration of extrinsic factors, i.e. anthropogenic (Cardillo,
Purvis et al. 2004) and climatic (Purvis et al. 2000a, Cardillo, Mace et al. 2005,
Cooper, Bielby et al. 2008), both as independent predictors and through interaction
effects have increased the explanatory power of such models.

Studies have demonstrated that extinction risk in plantsis also non-random (Vamos
and Wilson 2008); for example, species that are dioecious (separation of male and
femal e function into separate individuals) have been demonstrated to have an
increased risk of extinction when compared to hermaphroditic species (Vamosi and
Vamos 2005).
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For example, in dioecious species only female plants disperse seed, potentially
leading to areduced dispersal in comparison to hermaphroditic species, with
concomitant increased local resource competition (Heilbuth, llves et al. 2001).
Furthermore, the mode of pollination has been demonstrated to influence risk of
extinction (Sodhi, Koh et al. 2008). For example, species with biotic pollination
syndromes are susceptible to fluctuations and declinesin potential pollinators
(Schweiger, Biesmeijer et al. 2010). With numerous potential pathways leading to a
decline or local extinction of pollinators (Potts, Biesmeijer et al. 2010), an increased
extinction risk for species with biotic pollination syndromes has been demonstrated
(Pocock, Hartley et al. 2006, Sodhi, Koh et al. 2008). Such traits may not act
independently from one another; rather complex synergistic effects and interactions
may operate between traits to influence extinction risk (Freville, McConway et al.
2007, Brook, Sodhi et al. 2008). For example, most dioecious species require
pollinators to set seed and therefore might be more susceptible to fluctuationsin local
pollinator abundance than hermaphroditic species (Heilbuth, llves et al. 2001).

Furthermore, synergies may occur between intrinsic traits and extrinsic factors to
influence a species extinction risk. For example, it has been demonstrated that plant
communities subjected to anthropogenic disturbance contain a non-random subset of
species (LObo, Ledo et al. 2011), with factors such as agricultural development and
habitat fragmentation disproportionately increasing extinction in plant species based
on life history traits; specifically, seed size (Laurance, Ferreira et al. 1998, de Melo,
Dirzo et al. 2006), shade tolerance (Laurance, Ferreiraet al. 1998), pollination
syndrome (Laurance, Nascimento et al. 2006) and breeding system (Girao, Lopes et
al. 2007).

The relative importance of intrinsic traits as drivers of extinction risk in plants has
recently been called into question (Davies, Smith et al. 2011, Knapp 2011).
Looking at the percentage of variance in threat explained by intrinsic traitsin
mammals (51%; Cardillo, Purvis et al. 2004) and frogs (59%; Cooper, Bielby et
al. 2008) compared to plants (14-16%) (Bradshaw, Giam et al. 2008, Sodhi, Koh
et al. 2008), this appearsto be the case. Moreover, Davies et al. (2011) suggest
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that extinction risk isin plantsis largely associated with phylogenetic
diversification rate, with younger lineages more at risk than older lineages, rather
than specific traits. However, it could be argued that this apparent difference
between animal and plant groups could be due in large part to the fact that

different biological traits are relevant to the two different groups.

Thus, the relative importance of various drivers of extinction risk in plants requires
clarification. The combination of intrinsic traits and extrinsic environmental factors
has proven effective at providing guidance for conservation policy in several animal
taxa, and the question is open as to whether modeling such effects would be useful
for plant conservation policy. Moreover, few studies investigating correl ates of
extinction risksin plants have used multivariate methods (Bradshaw, Giam et al.
2008, Sodhi, Koh et al. 2008), therefore potentially neglecting the importance of the
interaction between various effects in explaining extinction risk of plant species.
Furthermore, few studies have examined the importance of extrinsic factors and the
synergistic effects between these and intrinsic traits, despite the potential importance
of these interactions (Freville, McConway et al. 2007). Therefore, despite the
significance of anthropogenic and climatic factors as correlates of threat in other
taxa (Cardillo, Purvis et al. 2004, Cooper, Bielby et al. 2008), the synergistic effect
they have with life history traits and the demonstration that they significantly
influence plant distribution patterns (O’Brien, 1993) and survival (Girao, Lopes et
al. 2007), the explanatory power of models that comprehensively incorporate such
effects and their interactions has yet to be explored.

The present study investigated the effectiveness of modeling intrinsic traits and

extrinsic environmental factors and their interactions as drivers of plant extinction
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risk. Using the species sampled for the monocot SRLI (Baillie et al. 2008), | aim to
reveal the relative importance of intrinsic traits, anthropogenic environmental impacts
and climatic environmental factors and their respective interactions in determining
plant extinction risk. Thus, the overall objective is to determine whether such models
can usefully inform plant biodiversity policy and also to identify specific factors that
should be considered as such policy is devel oped.

Method

Data collection

IUCN categories (IUCN, 2001) were obtained from
http://threatenedplants.myspecies.info, (accessed on 10/05/11) and used as a surrogate
measure of extinction risk for the monocot species (Rodrigues, Pilgrim et al. 2006). |
coded species extinction probability i.e. threatened vs. non-threatened as a binomial
response variable (Bradshaw, Giam et al. 2008, Sodhi, Koh et al. 2008), re-
classifying Vulnerable, Endangered or Critically Endangered species as threatened and
Least Concern or Near Threatened species as non-threatened. Species with the [UCN
designation DD and those without full assessments were not included in the anal yses,
resulting in threat codings for 871 species (Supplementary material 2).

Of 871 monocot species assessed as non-Data Deficient, 221 were threatened
(Vulnerable, Endangered or Critically Endangered). These were predominantly
assessed using Criteria B (62%) and D (31%) (Figure 3-1), although of course the
same species can be assessed under multiple criteria (IUCN 2001).
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Fig. 3-1. The proportion of species assessed by each IUCN category.

Speciesintrinsic traits were collected from primary taxonomic literature and expert
advice (Supplementary material 4, Supplementary material 5) and where species-
specific information was not available, traits were inferred from the genus level. The
spectrum of traits collected (Table 3-1), reflects those variables that have proved
informative in previous similar studies (Vamos and Vamos 2005, Freville,
McConway et al. 2007, Bradshaw, Giam et al. 2008, Sodhi, Koh et al. 2008);

Traits corresponding to pollination, breeding system and dispersal: primary
pollinating mechanism (PD = abiotic or biotic), breeding system (BS =
unisexua plant, unisexua flowers, or bisexual flowers), flora symmetry (FS
= actinomorphic or zygomorphic), fruit type (FR = fleshy or non-fleshy) and
the number of seedsin the fruit (SE = single, few (2- 40) or numerous (41+);

Traits corresponding to persistence: seasonality (SEA = annual or perennial), the
presence of an underground storage organ (STO = present or absent), the
presence or absence of an endosperm (END = present or absent) and their

woodiness (WO = woody or not woody);



Chapter 3: Correlates of plant extinction risk 39

Traits corresponding to primary habitat (HAB = epiphytic, semi-aquatic or
terrestrial) and atitudinal range (ALT =low: 0-1000m, mid: 1001-2000m,
high: 2001 + and all: low — high).

Anthropogenic impact variables (Table 3-2) were based on gross domestic product
(GDP) (CIESIN, 2004) and human population density (HPD) (CIESIN, 2005). In
order to obtain species-specific measures for these variables, arange distribution
shape file for each monocot species was generated using herbarium records, resulting
in spatial datafor 915 species (Supplementary material 2). The shape files were then
overlaid with GDP and HPD data from which the median grid cell value for each
variable across the geographical range of each species was recorded using the Spatial
Analyst extension in the program ArcGIS (Cooper, Bielby et al. 2008).

Variables were measured across the ranges of individual species, but without reference
to overall species range size. Although this means that variables show reduced variance
for restricted-range species, it was not possible to also use range size as afunctional
trait since most species had aready been assessed under IUCN Criterion B, whichis
based on measures of geographic range size, and it was felt important to apply a
uniform set of functional traits across all species, in order to compare species
responses. Restricted-range species may disproportionately show certain functional
traits, and monocot species assessed for the SRLI project under Criterion B will have
restricted ranges by definition. However, since the IUCN criteria measure threat rather
than purely range size, many restricted-range species may be naturally rare but not
threatened (e.g. in isolated locations within undisturbed habitats); therefore many
species treated here as not threatened will also possess functional traits more likely to

occur in restricted-range species.
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States Level
Storage organs Absent
Present
Breeding system Hermaphrodite
Monoecious
Dioecious
Pollen dispersa Abictic
Biotic
Fruit Dry
Fleshy
Endosperm Absent
Present
Woodiness Absent
Present
Number of seeds Few
Numerous
Single

Flora symmetry

Actinomorphic

Zygomorphic

Table 3-1. Life history traits and corresponding levels anal ysed.
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Group Variable Description
Climatic STD PET Standard deviation of annual potential evapotranspiration.
Mean PET Average annual potential evapotranspiration.
Mean temp The average annual temperature.
STD temp Standard deviation of temperature.
Max temp The maximum temperature.
Min temp The minimum temperature.

Mean precipitation The average annual precipitation.
STD precipitation  Standard deviation of precipitation.
Max precipitation  The maximum precipitation.

Min precipitation  The minimum precipitation.

Anthropogenic GDP The gross domestic product.

HPD Population Density for 2000.

Table 3-2. The climatic and anthropogenic variables used to explain variation in

plant extinction risk.

The final analysis was conducted on 618 species, as that was the number of

species with IUCN and anthropogeni c data available (Supplementary materia 2).
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Data preparation

All variables were tested for significant collinearity using variance inflation factors, in
order to identify those variables that could be dropped due to redundancy, however no
significant redundancy was detected. Continuous variables were standardised to have a

mean of 0 and avariance of 1, whilst categorical variables were coded as factors.

A principal component analysis was conducted on al the environmental variables with
the first two components explaining 81% of the variance: PC1 = principal component-

precipitation and PC2 = principal component —temperature.

Species are not evolutionarily independent from one another; and although extinction
risk itself does not evolve along phylogenies, intrinsic biological traits do, making it
necessary to use analyses that control for phylogeny to ensure statistical
independence of data points (Cardillo, Mace et al. 2008). In order to test for statistical
non-independence among speciestrait values | used Pagel’s A (1999), a measure that
normally varies between 0 (phyl ogenetic independence) and (species’ traits co-vary
in direct proportion to their shared evolutionary history). A variance component
anaysis was performed to quantify how much of the variance in atrait and extinction
risk can be explained by the position across taxonomic ranking (e.g. Class, Order,
Family, etc.) (APE library v2.7-2; Paradis 2004) (R v2.13; R Development Team,
http://www.r-project.org).

Statistical analysis

In order to account for phylogenetic non-independence, | used two approaches.
Firstly, phylogenetic independent contrasts (Felsenstein, 1985) were generated and
used in subsequent analyses (CAIC library; Purvis and Rambaut 1995) (Rv2.13; R
Development Team, http://www.r-project.org). Secondly, | coded the random-effects
error structure of the GLMM as a hierarchical taxonomic effect i.e. the species order,
family and genus was included as a random variable (Blackburn and Duncan 2001).
However, as the analysis had an incomplete phylogeny, alarge number of categorical
variables and model selection was the statistical inference being used; the latter
approach is more appropriate (Blackburn and Duncan 2001). Moreover, the fina

models sel ected from both methods were the same.
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Therefore only the results from the random effects method are presented.

Generalised linear mixed effect models (GLMMs) were fitted to determine the
influence of intrinsic traits, anthropogenic and climatic variables on the extinction
risk of the sample of 618 monocot species. The models were fitted with a binomial
response variable and each potential correlate as a linear predictor; each model had a
binomial error distribution and alogit link function; and models were fitted using the
Imer function (Ime4 library v0.99; Bates 2007) in R (v2.13; R Development Team
http://www.r-project.org).

Two trait:trait pairwise interactions (BS*FR and BS*HAB) were included in the
analysis based on previous studies that have demonstrated their importancein
patterns of plant extinction risk (Sodhi 2008), whilst four trait:climatic
interactions (END* PC1, END*PC2, STO*PC1 and STO*PC2) wereincluded to
reflect the importance of underground storage organs and seed endosperm
(Baroux 2002) in plant survival at extremes of temperature and water
availability. Furthermore, four interactions between traits and anthropogenic
factors (PD*GDP, PD*HPD, BS* GDP and BS*HPD) were also investigated to
determine the impact of anthropogenic disturbance on pollination syndrome
(Laurance, Nascimento et al. 2006) and the non-random effect it has on plant
breeding systems (Girao, Lopes et al. 2007).

Because factors in this analysis were selected based on their effectiveness in other
studies, and all the potential models are biologically possible, an extensive model
building strategy was used. However, due to the potential number of candidate
models to find the combination of variables resulting in the most parsimonious
model that explains the variation in each metric, a supervised forward model
selection procedure was adopted. Univariate models were tried first and the AIC.
(Akaike’s Information Criterion corrected for small sample sizes) (Burnham and
Anderson 2002) calculated. The model with lowest AIC. was then retained and

tried in combination with each of the remaining variables.
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Then the best of the bivariate models were selected and tried with each of the
remaining variables, and this process was repeated until introducing additional
variablesinto the model failed to yield alower AlCc.

AIC based approaches can favour more complex models (Burnham and Anderson
2004), therefore, Bayesian Information Criterion (BIC), a criteriathat penalises
complexity more than AIC (Burnham and Anderson 2004) was trialled, however, the
BIC approach made no difference to the most parsimonious models sel ected,
therefore only the results from the AIC method are presented. Akaike weights (w;)
were calculated to estimate the relative support for each model; w; represents the
probability that model i isthe best model for the observed data, given the candidate
set of models and sumsto 1 across all models considered (Burnham and Anderson
2002).

Two methods were used to assess the relative importance of each model: w;, as

described above (Burnham and Anderson 2002) and the partial R? of the factors from
the most parsimonious model. The area under the receiver operator curve (AUC) was
used as a measure of model prediction accuracy (Bradley 1997) (ROCR library; Sing,
2005in R v2.13; R Development Team, http://www.r-project.org). AUC values have
apossible range of 0-1, an AUC score of 1 indicating a perfect threatened vs. non-
threatened prediction. AUC values are calculated by plotting the sensitivity (ratio of
correctly classified positives to the total number of positive cases) against 1-
specificity (false positive rate) at all possible thresholds of presence-absence
classification (Bradley 1997).

The above strategy was used to find the most parsimonious model for each grouping
of variables: intrinsic traits only, intrinsic traits and anthropogenic variables, intrinsic

traits and climatic variables, and full models of intrinsic traits, anthropogenic and
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climatic variables, with the model selection process starting from the beginning for
each grouping. The most parsimonious models from each grouping were then
compared in terms of the variance explained, the wi, value and the relative predictive
power as indicated by the AUC score (Bradley 1997).

Results

Including only intrinsic traits, the most parsimonious model (w; = 0.79) explained
11% of the variation in extinction risk, with pollination syndrome, atitude, habitat
and the number of seeds all significant variables (Table 3-3). Specifically, species
pollinated by biotic vectors had an increased extinction risk over those with abiotic
vectors, extinction risk increased with altitude, epiphytic species were more at risk
than terrestrial and those with severa seeds also show increased risk of extinction
(Fig. 3-2). Following Swets (1988), the overall predictive power of the optimal
model, as measured by the AUC score (0.75), may be considered as moderate
(Table 3-3).

Probability of Extinction
~ Probability of Extinction

Epiphyte Terrestrial
Habitat

.

T T r
Abiotic Biotic Al High Low Mid
Pollen Dispersal Altitude

s

Probability of Extinction
_ Probability of Extinction

Fig. 3-2. Probability of a monocot species being threatened. The dotted line represents the
threshold of being threatened (above the line) vs. non-threatened (below the line), with the
error barsindicating the 95% confidence interval s based 10,000 bootstrap iterations. The
dashed lineis derived from a ROC curve and represents the cut-off value that best estimate
the number of correct (i.e. maximizes sensitivity and specificity) threatened vs. non-

threatened predictions across arange of potentia cut-off values (Swets, 1988).
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The addition of anthropogenic variables to theintrinsic traits resulted in the new most
parsimonious model (w; = 0.69) explaining 20% of the variance having a predictive
score of 0.76. The additional, significant variables were GDP, HPD, and the
interaction terms BS*HPD, PD* GDP and PD*HPD (Table 3-3).

When climatic variables were added to intrinsic traits, the new most parsimonious
model (w; = 0.67) explained 21% of the variance in threat with the predictive power
increasing to 0.77. The most parsimonious model contained the sameintrinsic traits
as above in addition to the two climatic variables PC1 (precipitation) and PC2
(temperature) together with the interactions PC2* storage organ, PC1* endosperm and
PC2* endosperm (Table 3-3).

Using all potentia independent variables, the variance of the most parsimonious
model (w; = 0.62) explained 29% of the variance in threat with a predictive power of
0.79 (Table 3-3). Thus, the final model was significantly better than any previous
model, accounting for 100% of the information-theoretic weight (w; = 1: i.e. complete
support).

Thetop 5 variables explained more than 50% of the observed variance, with the
optimal model containing variables from each category; intrinsic trait, anthropogenic
and climatic (Table 3-4). Rather than replacing variables from the previous models,
the final model added extra variables; additional complexity increases the variation
explained, suggesting that these extra variables are informative in a complimentary,

rather than alternative, manner.
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M odel k AAICc w; R® AUC
Traits only 12 4935 0 011 0.75
~PD+SE+ALT+HAB
Traits and anthropogenic 20 203 O 02 0.76
~PD + SE+ALT + HAB + GDP + HPD + PD*HPD +
PD*GDP + BS*HPD
Traits and climatic 22 1853 O 021 0.77
~PD+SE+ALT+HAB + WO + PC1 + PC2 + END*PC1 +
END*PC2+ STO*PC2
Traits, anthropogenic and climatic 28 0 1 02 079

~PD+SE+ALT+HAB+PC1+PC2+HPD+GDP+PC2* STO+
PC1*END+PC2*END + PD*GDP + PD*HPD + BS*HPD

Table 3-3. The most parsimonious models from each category according to Akaike’s

Information Criterion corrected for small sample sizes (AICc). Terms shown are PD = pollen
dispersal, SE = number of seeds, ALT = dltitude, HAB = habitat, END = endospermous, STO
= geophytic, BS = breeding system, GDP = gross domestic product, HPD = human

population density, PC1 = principal component (precipitation), PC2 = principa component

(temperature). Included are: the numbers of parameters (k), the difference in AIC.from the

most parsimonious (W), the amount of variance the model explained (R?) and the predictive

power of the model (AUC).

Looking at the top 3 variables that explained more than 30% of the variation, the

interaction between intrinsic traits and anthropogenic variables appear to be
important, with PD*HPD explaining the greatest variance (12.5%) followed by the

interaction BS*HPD (11.2) and pollination syndrome as a single factor (10.5) (Table

3-4).
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Trait Deviance explained (%)
PD*HPD 125
BS*HPD 11.2
PD 10.5
HPD 9.3
PC2*STO 9.1
PC1*END 9.0
ALT 7.0
PC1 6.1
PD*GDP 54
HAB 51
GDP 4.5
PC2*END 3.6
PC2 35
SE 3.2

Table 3-4. The deviance explained by the individual correlates of the most parsimonious
model. Terms shown are PD = pollen dispersal, SE = number of seeds, ALT = dtitude, HAB
= habitat, WO = woodiness, END = endospermous, STO = geophytic, BS = breeding system,
LC =lifecycle, GDP = gross domestic product, HPD = human population density, PC1 =
principal component 2 (precipitation), PC2 = principal component 3 (temperature).

Discussion

As primary producers, plants play afundamental role in a number of ecosystems and
provide arange of services to the benefit of humans (Raskin, Ribnicky et al. 2002,
Millennium Ecosystem Assessment 2005). Despite their importance, a high number
of plant species are threatened with extinction (Royal Botanic Gardens Kew 2010);
furthermore, the processes influencing their level of risk are relatively unknown
compared to that of other taxa (Knapp 2011), making understanding the causal bases
of extinction risk apriority.
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It was found that plant models are inherently complex because amongst other factors
discussed below, a species’ interactions with its environment need to be taken into
account in order to get reasonable explanatory power. When these interactions were
added it was found that models performed comparably well with similar models of
other taxa, providing greater predictive power for conservation initiatives.

Correlates of plant extinction risk

In this study the traits that best explained the observed variance; pollination
syndrome, seed number, altitude and habitat, were consistent with those in other
studies (Bradshaw, Giam et al. 2008, Sodhi, Koh et al. 2008), suggesting they
influence a plant’s susceptibility to extinction across a number of taxonomic groups

and geographic locations.

However, rather than individual traits, the interaction between speciesintrinsic traits
and the environment — both climate and anthropogenic - proved most informative.
The interaction between human population density and pollen dispersal was the most
significant, with increased human density significantly increasing the extinction risk
of plants pollinated by biotic vectors, as has been found in other studies
(Cunningham 2000). There are many mechanisms by which increased anthropogenic
disturbance can alter plant-pollinator interactions, with habitat loss and increased
fragmentation often a causal factor (Potts, Biesmeijer et al. 2010). The loss of
suitable habitat can decrease the local abundance of pollinators (Grinewald 2010),
increase the time taken for pollinators to move between plants (Hadley and Betts
2009) and through positive feedback, further reduce pollinator abundance as the
quantity of pollen available for transport decreases (Memmott, Waser et al. 2004).
The scale of habitat lossis well documented, and with the forecasted increase in
human popul ation density expected to further reduce and fragment natural landscapes
(Sodhi, Kohi et al. 2004); coupled with the observed decline in important pollinators

such as bees through viruses (Cameron, Lozier et al. 2011)
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the dynamics of pollinator-plant and its influence on extinction risk islikely to remain

an important factor.

Human population density has also been shown to interact with a plant’s breeding
system to influence its susceptibility to extinction (Girao, Lopes et al. 2007). This
interaction proved to be the second most important factor in the model, accounting

for 11.2% of the explained variance. It was found that species with unisexua

breeding systems face a higher extinction risk than bisexual species as human
population density increases. Once again, it is probable the link between increasing
human population density and increased habitat |oss and fragmentation influences
this observation. With decreasing population sizes or increased fragmentation, species
that require another individual to reproducei.e. are unisexual, are likely to face a

decrease in fitness and increased extinction risk in small populations (Heilbuth 2000).

The other important factor was the interaction between the climate and species’
intrinsic traits, in particular the relationship between precipitation and possession of
storage organ, and the interaction between temperature and the presence or absence of
a seed endosperm. Both of these factors represent a species’ ability to persist under
unfavourable conditions; the ability to persist through desiccation caused by high
temperature or low rainfall increases with the possession of a storage organ or a seed
endosperm (Diaz and Cabido 1997). Given the expected increase in climatic
stochasticity, particularly in relation to temperatures (New, Liverman et al. 2011) and
the quantity and frequency of rainfal (Allan and Soden 2008), the ability to persist
through unfavourable conditions is likely to become increasingly important.
Furthermore, as a consequence of non-random extinction due to climatic filtering
(Meynard, Devictor et al. 2011), the retention of only the species that can persistin a
particular environment, the species present in communities may become less
functionally diverse (LAbo, Ledo et al. 2011), resulting in the loss of not only groups
of species but also disproportionately high quantities of functional and genetic
diversity (Devictor, Mouillot et al. 2010).
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Modeling plant extinction risk

Studies have indicated that methods that effectively explain extinction risk in other
groups, such as the devel opment of explanatory models based on intrinsic traits are
not suitable for plants (Davies, Smith et al. 2011, Knapp 2011). The relatively poor
explanatory power of models in explaining the variance in plant extinction risk
(Bradshaw, Giam et al. 2008, Sodhi, Koh et al. 2008) leads to the question - are
plants different to other taxain regard to the underlying causality of extinction risk?
Or have previous models omitted important explanatory variables?

Lineage age

A recent study by Davies et al. (2011) showed threatened species are more common
in young lineages that are diversifying quickly, suggesting the mode of plant
Speciation contributes to the observed non-random distribution of threat across
taxonomic ranks. However, there was no indication of this in the results; both taxon
age and the number of species per genera proved poor explanatory variables of
extinction risk. Nevertheless, looking at the results from the variance component
analysis, the variance in extinction risk was highest at the specieslevel (0.98), and
was relatively conserved within deep clades, supporting the findings of Davies et al.
(2011) that plants undergo a “late-burst model” of evolution. However, the sample of
monocot species used was relatively broad and widely dispersed across the monocot
phylogeny. As a consequence, closely related species are rarely immediate
phylogenetic “siblings”, therefore “recent events” in this analysis are relatively old,

adding uncertainty to the findings in regards to the importance of taxon age.

Traits

Compared to other taxathe use of ecological and life history traits have not

previously proved informative in explaining variation in plant extinction risk
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(Bradshaw, Giam et al. 2008, Sodhi, Koh et al. 2008). When considered on their own,
afinding confirmed in the present study; intrinsic traits explain only 11% of the
observed variance. However this comparison is misleading for avariety of reasons as
outlined below.

Range size

The results to which models of plant extinction risk have been compared often use
range size as a variable, which has frequently been shown to be the most important
variable across a number of taxa (Cardillo, Mace et al. 2005, Cardillo, Mace et al.
2008, Cooper, Bielby et al. 2008). However, range size is rarely used in plant-based
models, asit is aprimary method used to quantify plant risk (under CriteriaB and
D2) (Brummitt, Bachman et al. 2008); therefore itsinclusion as a variable would be
circular (Purvis et al. 2000a). Consequently, the potentially most informative
predictor of plant extinction risk cannot be included, likely contributing to poor
explanatory power of models of plant extinction risk. Thisis demonstrated by a
study restricted to legumes not classified by Criterion B or D2, where the optimal
models included range size and explained between 57% and 61% of the observed
deviance (Bradshaw, Giam et al. 2008), percentages similar to the levels observed in
models of mammal (Cardillo, Mace et al. 2005) and amphibian (Cooper, Bielby et
al. 2008) extinction risk. This suggests that the technical difference behind the
method of risk assessment, which results in an important variable being excluded,
rather than afundamental difference in the importance of traits contributes to the

previously observed poor performance of plant models.

Omission of important variables from plant based models

As outlined above anthropogenic and climatic variables significantly contribute to a

speciesrisk of extinction, and when these variables were included the models
explanatory power increased. These variables have been demonstrated to play
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significant rolesin explaining a significant proportion of variance in other taxa
(Cardillo, Mace et al. 2008, Cooper, Bielby et al. 2008); however, they had
previously not been incorporated into large-scal e studies of plant extinctions.
Interestingly, it was not the addition of the individual variables that contributed most
to the increased explanatory power, rather it was the interaction between the traits
and the climatic and anthropogenic factors that proved most significant.

Whilst the variance explained by the final model (29%) may not be as high as for
other taxa, it is similar to the variance explained by mammal models independent of
range size (27%). Demonstrating that when similar variables are used, the
explanatory powers of plant models are not significantly different to those observed

for other taxa.

Habit

It has been demonstrated that optimal models explaining extinction risk in mammals
are region specific (Cardillo, Mace et al. 2008); however, as a consequence of the
sedentary nature of plants and the significance of local variation, it islikely that due
to variations in micro-climatic and soil nutrients, locality is more important in
explaining patterns of plant extinction risk than for other groups. Thiswas
demonstrated by a study investigating patterns of plant extinctionsin park grass
communities in the United Kingdom. Where it was found the optimal models
included complex three way interactions between local scale variation in extrinsic
factors (pH, nitrogen) and life history traits (phenology, height, diaspore mass)
(Freville, McConway et al. 2007). This was supported by the findings outlined above;
the optimal model being relatively complex compared to other taxa; requiring
interactions and traits from all categories (biological, climatic and anthropogenic) to
explain similar levels of variance observed in other taxa. Asaresult it islikely plant
models require more detailed local information to effectively describe variation in
plant extinction risk than has been previously investigated.
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Of courseit is possible that the increased variance explained by increased models may
be a consequence of adding more variables to the model resulting in a better model fit
(R? value). However, the optimal models were selected based upon AIC and BIC
scores, which penalise model complexity (Burnham and Anderson 2002).

Conclusion

In conclusion the pattern of plant extinction is different to other taxa; however, the
reason for the difference is complicated. It islikely the method of speciation and the
age of the lineage are important variables; however, thisis not at the exclusion of the
importance of ecological, climatic and anthropogenic information, as demonstrated
by three findings: Once climatic and anthropogenic factors, were included the models
explained similar levels of variance as observed for other taxa. However, in the
absence of range size as a predictor variable, the optima models needed to be more
complex compared to that of other taxa. Finally, given the sedentary nature of plants,
greater significance is given to interactions between intrinsic biological traits and the

local environment.

Of note to plant conservation is the most significant factors are interactions that
include climate and human population density, both of which are likely to increase in
the future. Therefore, given the current high percentage of plant species already at
risk of extinction, further studies aimed at unraveling complex local scale causation

of extinction are of great importance.
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Chapter 4: Therelationship between IUCN ratingsand

evolutionary history

I ntroduction

Plants provide alarge number of servicesto the benefit of humans (Isbell et al. 2011),
whilst influencing the stability and function of communities across a wide range of
ecosystems (Tilman et al. 2006). Despite their relative importance, alarge number of
plant species are facing extinction (Royal Botanic Gardens Kew 2010).

Conseguently, conservation biologists are faced with “The agony of choice”, a phrase
coined by Vane-Wright et al. (1991), which reflects the challenge of prioritising
which species should receive the most protection, adecision that is especialy relevant
today given many consider we have entered the 6" great mass extinction (Wake and
Vredenburg 2008) with limited financial resources (McDonald-Madden et al. 2008).

One method used to prioritise species for conservation is the use of threatened species
lists, such asthe IUCN Red List (IUCN 2011), which provides the best available
comparable estimates of species’ extinction risk (Rodrigues et al. 2006). However,
such lists do not take into account the fact that the extinction of a species not only
removes it from the global species pool; it aso removes a unique branch from the tree
of life (Faith 1992). Due to different evolutionary pathways the loss of some species
removes a greater proportion of unique evolutionary history (EH) than the loss of
others (Faith 1992), potentially leading to a reduction in ecosystem productivity and
community function to a greater extent than the loss of a species with alower EH
(Cadotte et al. 2008).
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Combining species’ conservation status with a measure of their evolutionary
distinctivenessis therefore desirable. One method that has aimed to reconcile these
two aspects is the EDGE (Evolutionarily Distinct and Globally Endangered) program,
an index of urgency, that weights a species’ evolutionary distinctiveness with its
IUCN rating to generate alist of speciesthat are both evolutionarily distinct and
globally endangered (Isaac et al. 2007). Species can then be ranked according to their
EDGE scores, amethod that has been applied to a number of groupsincluding
mammals, coral reefs, amphibians and birds (The Zoologica Society of London
2011). However, no such study exists for plants, due to the size of the group (an
estimated 352,000 species (Paton et al. 2008), and the consequent absence of (a) a
near-compl ete phylogeny, which isrequired in order to assign EDGE scores (Isaac et
al. 2007) and (b) conservation status assessments for most species. Therefore, the
most evolutionarily distinct plant species are not necessarily being identified as high

priorities in existing conservation frameworks.

Although a complete phylogeny would be needed for afull EDGE assessment, using
apartia phylogeny (for a sample of species) can till provide insight into the
relationship between EH and IUCN ratings within ataxonomic group, such as the
monocots. Patterns of plant extinction risk (Sodhi et al. 2008) and EH (Vamosi and
Wilson 2008) have both been shown to be non-random with respect to phylogeny.
Importantly, unlike mammal and bird species where species on long branches (i.e.
those with high EH values) are particularly likely to be at risk (Mace et al. 2003), it
has been suggested that the opposite pattern may hold for plants, due to
differentiation in speciation and extinction patterns, resulting in a decrease in the loss
of EH compared with anull model of random extinction (Schwartz and Simberloff
2001). However, a global-scale analysis using a family level supertree (Vamosi and
Wilson 2008), provided some evidence that plant extinction risk is highest in small
clades, as observed in other taxa (Purvis et al. 2000b, Isaac et al. 2007), resulting in
elevated loss of EH compared with anull model of random extinction.
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Studies of the distribution of EH at the level of plant families have thus come to
different conclusions, and to date no study with plants has worked at the species
level. A consequence of working at the family-level is a less complete picture of
variation in EH vaues between families (Vamos and Wilson 2008) and no
indication of the variation of EH within families. Furthermore, in the absence of
species-level EH values and conservation assessments for most species, no study
has investigated the relationship between EH values and IUCN ratings, therefore
it is unknown if the pattern observed in other taxai.e. the uneven distribution of
EH across Red List categories applies to plants, potentially resulting in many
species with high EH values not benefiting from existing conservation projects
(Isaac et al. 2007).

This gap in species-level knowledge was addressed using a randomly selected sample
of 1500 monocot species (Brummitt et al. 2008), a group with alarge diversity of life
forms and aworldwide distribution, thereby allowing an understanding of how
effective IUCN ratings are not only in highlighting extinction risk but also prioritising
the conservation of EH.

The analysis is focused on two primary questions: (1) Are EH and extinction risk
evenly distributed across the phylogeny of monocots, (2) What is the relationship
between EH and extinction risk?

Methods

Data collection

The IUCN categories (IUCN, 2001) obtained from
http://threatenedplants.myspecies.info, (accessed on 10/05/11) were used as a

measure of extinction risk for the sample of monocot species. Species with the [UCN
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designation DD and those without full assessments were not included in the analyses,
resulting in threat codings for 871 species (Supplementary material 2).

After combining filtering out those species with genetic and IUCN data the analysis
was conducted with 769 species (Supplementary materia 2).

Analysis

Is evolutionary history and threat evenly distributed across the phylogeny?

Due to the non-normal distribution of EH across families, generalised linear models
with agamma distribution were used, in which EH, the response variable, was coded
as continuous whilst families were coded as factors. In order to determine which
families differed significantly from others a post hoc test, “genera linear hypothesis”
(Hothorn et al. 2008), was conducted on those variables with significant P-values,
using the packages multcomp and multcompView (Hothorn et al. 2008) in R (R,
v.2.13.0; R Development Core Team, 2011). P-values were corrected using the

“Holm method for multiple comparisons” (Aickin and Gensler 1996).

The same method was employed to test for the non-random distribution of threat,
where a species’ extinction probability was coded as a binomia response variable
(Bradshaw et al. 2008, Sodhi et al. 2008) with Vulnerable (VU), Endangered (EN) or
Criticaly Endangered (CR) species classified as threatened and Least Concern (LC)
or Near Threatened (NT) species as non-threatened.
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What is the relationship between evolutionary history and threat?

Two independent methods were used:

1. In order to investigate the relationship between EH and threatened or non-
threatened species, extinction risk was coded as a binomial response variable,
as described above. To investigate the relationship between EH and IUCN
rating, the IUCN categories were coded on an ordinal scale from Least
Concern (0) to Critically Endangered (4). Generalised linear models were then
used to regress EH scores against each response variable (R, v.2.13.0; R
Development Core Team, 2011) with a post hoc genera linear hypothesis test

(as described above) used on those with significant P-values.

2. A simulation method; iteratively, 100 species from each category (threatened or
non-threatened) were removed at random and the EH remaining after each
iteration calculated, the process repeated 1000 times. A chi-squared test was
then used to test for asignificant difference in the percentage of EH remaining
between the two groups. This procedure was repeated, removing 100 species
from each IUCN category, calculating the percentage of EH remaining in each
IUCN category.

Results

Thedistribution of evolutionary history and threat across the phylogeny

Thetotal amount of EH contained within the phylogeny was 15,126 My, with
individual species scores ranging from 2.31 My (Chondrorhyncha viridisepala) to
68.14 My (Cleistes ionoglossa). Scores were approximately log-normally distributed,
with amedian of 13.83 My and geometric mean of 18.46 My.
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However, EH was not evenly distributed across the phylogeny; seven families had
significantly higher EH values than the remaining families (Table 4-1), whilst
extinction risk was also clustered; three families had a significantly higher proportion
of threatened species than other families (Table 4-1).

Family EH Threat
Arecaceae 0.003 0.050
Bromeliaceae 0.002 0.021
Colchicaceae 0.006 NS

Convallariaceae 0.004 NS

Costaceae 0.012 NS
Liliaceae 0.048 NS
Melanthiaceae 0.021 NS
Zingiberaceae NS 0.059

Table 4-1. Families with significantly (P-values) more EH per species than the average and

those with a significantly more threatened species than average. Non-significant values— NS.

Evolutionary history and threat status

EH was not evenly distributed among the Red List categories; instead it significantly
increased with elevated threat (F1, 783 = 15.36, p = 0.0001). Combined, threatened
species (CR, EN and VVU) had significantly higher (F1, 783 = 10.43, p = 0.001) EH
values than those non-threatened (NT and LC) (Table 4-2), adifference also observed
in the simulation analysis with significantly more EH lost through the removal of



Chapter 4: Thereationship between ITUCN ratings and evolutionary history 60

threatened species compared to non-threatened (X* = 4472, P <0.001, d.f. = 4084, chi-
square test; Fig. 4-1).

Looking at individual Red List categories no significant difference in the quantity of
EH among subcategories within threatened (VU, EN, CR) or non-threatened (NT and
LC) was found. However, there was significantly more EH within CR than LC (F,
381 =2.29, p=0.0307) and NT (F1, 96 = 1.05, p = 0.0471) categories (Table 4-2), a
finding also observed in the simulation analysis with significantly more EH lost when
CR species were removed than NT (F1, 2166 = 600, p = < 2.2e-16) or LC (F;, 3001 =
712, p=<2.2e-16) (Fig. 4-2).

IUCN CATEGORY

NT LC Non-threatened
EN 0.05 0.04
CR 0.04 0.03
Threatened 0.001

Table 4-2. Significant (P-Values) differencesin the quantity of EH between each IUCN
category, and grouped.
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Fig. 4-1. The percentage of evolutionary history remaining in non-threatened and threatened
species after the simulated loss of 100 species, 1000 times.
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category after the simulated loss of 100 species, 1000 times.
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Discussion

Nee and May (1997) studied the relationship between extinction and the loss of
evolutionary history (EH) in atheoretical framework and showed that with the loss of
50% of species from a phylogenetic tree, 70-80% of the total EH still remained.
However, this conclusion has since been shown to be optimistic (Purvis et al. 2000b),
in part because the non-random relationship between extinction risk and phylogeny
was not considered within the theoretical study. Phylogenies are non-random in shape
and extinction risk is rarely random, but rather shows a strong phylogenetic
component. Therefore, the degree of correlation between speciation rate and

extinction risk determines how much EH will remain.

Using IUCN ratings as a proxy for extinction risk and a species level super-tree of
monocotyledons, one of the magjor conclusions from this study is that the relationship
previously found at family level for plants (Vamosi and Wilson 2008) and in other
taxa (Purvis et al. 2000b, Isaac et al. 200) that EH is not randomly distributed across
the IUCN categories but rather is significantly clustered within threatened groups - is
supported at the species level for the monocots. This finding suggests that the loss of
EH via extinction may be greater than the relatively optimistic predictions made by
Nee and May (1997); however, it aso suggests that prioritisation based solely on
threat status may effectively capture EH (Purvis et al. 2000Db).

The clustering of EH within threatened groups of monocotsislikely dueto the
extreme tree imbalance seen in the angiosperm phylogeny (Davies et al. 2004). For
example, within the phylogeny, species from the Bromeliaceae and Arecaceae
families were found to have significantly more EH and threatened species than other
families, a combination that likely contributed to the observed correlation between
high EH values and extinction risk. The Bromeliaceae is alarge neo-tropical family
(58 genera, 3140 species) with eight subfamilies, and is extremely ecologically
diverse (Givnish et al. 2011). The historical biogeography of the family shows a
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relatively long time period (ca. 81My) between the origin of the family and the
divergence into modern lineages, possibly due to high extinction rates within the
family (Givnish et al. 2011), rendering the phylogenetic placement of the group a
challenge dueto its relatively isolated position, with no clear out-group (Givnish et
al. 2011). A large number of Bromeliaceae species are threatened due to their habitat
— specialised epiphytes growing upon isolated outcrops in Brazil often containing
minerals such as limestone or iron — resulting in increased extinction risk from
mining and habitat fragmentation (Jacobi et al. 2007, Versieux and Wendt 2007,
Barbara et al. 2008, Leme et al. 2010).

Arecaceae, the palms, have an estimated 183 genera and 2400 species (Baker et al.
2011). Asfor the Bromeliaceae, there is difficulty in selecting appropriate out-groups,
leading to difficulties in phylogenetic reconstruction (Stewart 1994). Part of this
problem arises due to Arecaceae being arelatively old lineage of monocots, the first
modern monocot family clearly represented in the fossil record (Stewart 1994).
Furthermore, like the Bromeliaceae, Arecaceae underwent arapid burst of evolution,
but thistime early in its history, and by ca. 60 (My) many modern-day palms had
evolved (Stewart 1994). The fact that both of these families are relatively old lineages
with rapid bursts of evolution likely contributesto their relatively high EH values
compared to those of other families.

For the dataset as awhole EH increases moving from the LC category to higher levels
of threat; whilst the EH of threatened species (taken collectively) was greater than
that of non-threatened species (taken collectively). However, differencesin EH
between threatened species in different categories were not statistically significant;

nor were differencesin EH between LC and NT.
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Thislack of complete congruence between high EH and threat rating is replicated in
all other taxa from the EDGE program, with 30% of the top 20 EDGE mammals
classified as EN (alower priority than CR), and 15% of the top 20 EDGE amphibians
classified as EN or VU. Coral species are, to date, the taxonomic group that could
potentially lose the most EH if prioritisation were based solely on IUCN categories,
with 85% of the 13 species studied classified as EN and VU, and the top 4 EDGE
species classified as VU (The Zoological Society of London 2011). Consequently,
based on the findings of this study and on trends from other groups as outlined above,
thereis ahigh probability that the most evolutionarily distinct monocot species, such
as members of the Bromeliaceae, are not being ranked highest by current IUCN

criteria, potentially leading to a significant loss of EH.

In abotanical context, | advocate the development of larger, species-level supertrees
with greater taxonomic scope, and increased research exploring the relationship
between EH and IUCN criteriato further test and expand upon these findings.
Furthermore, given the expected increase in species extinction, together with
financial constraints to conservation, there needs to be continued development and
practical implementation of methods for valuing species or areas for conservation,
such as preferentially conserving evolutionarily distinct species, to ensure that

species-level conservation efforts are prioritised most effectively.
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Chapter 5: Theglobal distribution of phylogenetic and

functional diversity in relation to environmental variables

I ntroduction

Biodiversity is decreasing and shifting on a global scale due to anthropogenic activity
and climate stochasticity; therefore understanding the processes underlying and
regulating its distribution is of interest to conservation practitioners (Pimm, Russell et
al. 1995). However, biodiversity is complex, incorporating many facets of variation,
including phylogenetic (taxonomic) or functional (trait) diversity among species
(Magurran 2004). Species richnessis commonly used as a surrogate for these other
facets and as such used as a simple metric of biodiversity (Kerr 1997, Persha, Fischer
et al. 2010). In recent years a number of studies have demonstrated that this surrogacy
can break down, resulting in areas with disproportionate quantities of one facet
relative to another (Vamosi, Heard et al. 2009).

However, what does the consideration of phylogenetic diversity or functional
diversity offer to conservation that species richness does not? Phylogenetic diversity
represents the phylogenetic relationships and evol utionary history between species
and within communities, whilst effectively capturing the range of features present
(Forest, Grenyer et al. 2007). As a consequence, phylogenetic diversity (hereafter
PD) is potentially a useful conservation metric that enables the identification and
prioritisation of groups of species or geographical areas that are phylogenetically
diverse (Faith, Reid et al. 2004), therefore enhancing evolutionary potential for
adaptation and hence long-term survival in an uncertain future (Forest, Grenyer et al.
2007).
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Similarly, the quantity of functional diversity (hereafter FD) present in acommunity
has been demonstrated to influence its stability in the face of environmental or
anthropogenic stochasticity (Hooper, Chapin et al. 2005). Furthermore, FD influences
the productivity of acommunity and is related to the provision of ecosystem services
(Hooper, Chapin et al. 2005) resulting in communities with higher FD being both
more productive and more resistant to change.

A key reason why PD and FD have not been more widely used is the difficulty of
quantifying them. Unlike species richness, which isintuitive and relatively simple to
quantify, measuring the phylogenetic relationships and the distribution of functional
traits within a group of species occupying a particular area has proved challenging
(Petchey and Gaston 2006). However, the rapid development of molecular tools has
made the production of phylogenetic trees easier and faster, providing a framework
from which phylogenetic relationships and PD can be quantified, of which Vane-
Wright et al. (1991) and Faith (1992) were the earliest proponents. Functional
diversity has previously been calculated after a priori classification of speciesinto
functional groups based on relatively arbitrary categories, such trophic level or food
source, resulting in a discontinuous measure of functional relationships (Petchey and
Gaston 2002). However by fitting species into multidimensional space based on a
range of ecological characteristics the FD of acommunity can be quantified in a

continuous and therefore more powerful measure (Petchey and Gaston 2002).

The integration of PD and FD into community ecology has provided a framework
from which the processes regulating community assembly can be identified
(Cavender-Bares, Kozak et al. 2009). The spatial distribution of PD and FD has been
found to be non-random in severa cases; some areas showing a disproportionate
amount of PD or FD given the number of species present (Vamosi, Heard et al.
2009). Such deficits or excesses of PD or FD have been attributed to historical niche

rel ated-processes, suggesting the dominance of niche over neutral processes in the
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assembly of natural communities (Wiens and Graham 2005). Species in communities
have been found to be more similar functionally than expected given the number of
species present, a finding often attributed to environmental filtering; a process that
clusters functionally similar species due to the abiotic conditions of the areain which
they are found (Fine and Kembel 2010). If these functional traits are phylogenetically
conserved and therefore occur in closely related species, filtering will tend to cause
closely related speciesto co-occur, resulting in species being more phylogenetically
similar in a given areathan expected by chance alone (Donoghue 2008).Alternatively,
species in communities have been found to be less functionally or phylogenetically
similar than expected given the number of species present (Cavender-Bares, Kozak et
al. 2009). This pattern is often attributed to competitive exclusion, which limits the
coexistence of closely related species resulting in species being less phylogenetically
or functionally similar in agiven area than expected by chance aone (Donoghue,
2008). However, these scenarios may be somewhat simplistic, asthe
gpatial/taxonomic scale of the analysis and the model of trait evolution (conserved vs.
convergent) has alarge influence on the likelihood of detecting non-random patterns
(Cavender-Bares, Keen et al. 2006).

Estimation of PD and FD has also alowed larger scale biodiversity patterns to be
investigated, such as the PD patterns across the Cape of South Africa (Forest,
Grenyer et al. 2007) or at national/supranational level (Devictor, Mouillot et al.
2010). At larger spatia scales, the effects of biotic interactions such as competition
decreases; instead a combination of climatic and environmental filtering and large-
scal e biogeographic processes determine the species found (Cavender- Bares, Kozak
et al. 2009). Variability in climatic factors such as temperature and precipitation
along spatia gradients influence the spatial distribution of biodiversity (Gaston
2000), so much so that models have been developed that can effectively predict
levels of species richness based on these climatic variables (Field, O’Brien et al.
2005). However, studies separating biodiversity into its constituent parts, have
demonstrated that these metrics may be distributed differently from species richness,
and to each other, along environmental gradients (Meynard, Devictor et al. 2011).
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Physical gradients such as elevation have been shown to effect species richness, PD
and FD in complex ways. For example, speciesrichnessis generaly highest at mid-
elevations before decreasing at high elevations, possibly due to atime-for- speciation’
effect (TSE) that suggests that mid-el evations have been occupied the longest and
will therefore have more species (Wiens, Ackerly et al. 2010). However Tallents et
al. (2005) demonstrated that PD increased from mid-to-high elevation in the
Usambara Mountains of Tanzania, whilst species richness decreased. This pattern was
attributed to the independent occurrence in distantly related lineages of traits allowing
persistence at high elevation (Tallents, Lovett et al. 2005). Furthermore,
anthropogenic gradients, measured using proxies such as percentage of urbanisation
have been shown to affect PD and FD independent of their effect on species richness
(Barragan, Moreno et al. 2011).

Despite the number of studiesinvestigating their relationships, the precise distribution
of PD and FD aong climatic, physical and anthropogenic gradients and the key
variables affecting their quantity and spatial distribution are yet to be fully understood
on aglobal scale. In this study the global distribution of phylogenetic and functional
diversity in relation to climatic, physical and anthropogenic factors independently of
species richness for arandomly-selected sample of 1500 monocot species that are the
basis for the monocot component of the Sampled Red List Index (hereafter, SRLI) for
plants (Brummitt, Bachman et al. 2008). The monocots are a good group to study such
patterns due to their immense diversity, comprising some 60,000 speciesin 97
families, over aquarter of all flowering plants and their worldwide distribution,
dominating significant parts of the world’s ecosystems.

The analysis focused on three primary questions: (1) what are the climatic, physical or
anthropogenic determinants of PD and FD and how do they differ from determinants
of speciesrichness? (2) How are PD and FD distributed along environmental gradients
and how does this differ from species richness? (3) How do PD and FD

relate to each other?
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Method

Data collection

The spatial units used in the analysis were the 867 WWF ecoregions; subdivisions of
the globe that are geographically and ecologically distinct (Olson, Dinerstein et al.
2001) and therefore considered to represent natural distributions of particular species
assembl ages more accurately than grid cell based approaches (Fritz and Purvis 2010).
The ecoregions are at a relatively coarse scale, thus eliminating the problem of
artificially forcing speciesinto finer spatial scales. Despite their coarse scale they are,
on the other hand, at a sufficiently small enough scale to alow the inference of global
patterns (Fritz and Purvis 2010).

Range distribution for each of the monocotyledon speciesincluded in the SRLI were
generated using herbarium records, resulting in range maps for 915 species, the range
of the remaining 585 species were not inferred due to insufficient spatial data
(Supplementary material 2). The monocot range maps were overlaid with the
ecoregion shapefiles (http://www.worldwildlife.org/science/datalitem1875.html,
accessed January 2011) and the ecoregion occurrences for each species extracted. In
total 637 occupied ecoregions were identified, of which 502 had more than one
species (Supplementary material 6) and were subsequently used in the analysis (at
least two species are required to calculate PD and FD) On average the ecoregions
used contained 15 monocot species from the SRLI sample, ranging in number from 2

-78 (Supplementary material 6).
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In order to model underlying causality of species distributions, a series of
environmental variables were obtained for each ecoregion from the Terrestrial
Ecoregions Base Global Dataset
(http://www.worldwildlife.org/science/datal/item1874.html, accessed January 2011)
(Supplementary material 7) falling into three broad covariate groups; climatic,
physical and anthropogenic (Table 3-2). All covariates were tested for significant co-
linearity using variance inflation factors (VIF) to identify variables that could be
dropped before starting the ana yses due to redundancy. The remaining covariates
were standardised to have a mean of 0 and a variance of 1.

The aim of the analysis on FD was to investigate potential environmental factors
underlying its global distribution. The traits selected for this anaysis were selected
under 3 criteria— first, traits were selected from broad spectrum of characteristics
related to species persistence, dispersal potential, species-species interactions and
fitness. Secondly | used traits that have proved informative in previous studies of
plant distributions and extinctions (see Chapter 1 and 3 and references therein).
Finally to ensure taxonomic and geographic representation, it was important the
selection procedure did not exclude those rare species or which little is known about,
therefore only traits for which | could gain information for the entire sample were
included (Table 3-1).

Traits were compiled from taxonomic literature and expert advice (Supplementary
materia 4; Supplementary material 5); where species information was not available,
Species were assigned traits that were characteristic of the genus to which they belong.

After all available spatial, functional and phylogenetic data was obtained, 617 species
remained that could be included in subsequent analyses (Supplementary material 2).
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Phylogenetic signal analysis

In order to test for significant phylogenetic signal, A, a measure of phylogenetic
correlation (Pagel 1999) was used. The metric A normally varies between (phylogenetic
independence) and  (species’ traits covary in direct proportion to their shared
evolutionary history). A variance component analysis (VCA) was also performed, in
order to quantify how much of the variance in atrait can be explained by the distribution
of atrait across taxonomic levels. These anal yses were performed in R (v.2.13.0; R

Development Core Team 2011) using functions from the package “APE” (Paradis 2004).

PD and FD calculation

Phylogenetic diversity is a continuous measure corresponding to the sum of branch
lengths connecting a given set of speciesin a phylogenetic tree to assess species
relatedness (Faith 1992). In order to calculate the PD for each ecoregion, the length of
the branch leading to the root node of the minimum-spanning tree for species
occurring within that ecoregion was calculated. The calculation of PD was performed
in R (v.2.13.0; R Development Core Team 2011) using the method of Isaac et al.
(2007).

Functional diversity was calculated using the method of Petchey and Gaston (2006) as
follows: i) construction of a species-trait matrix; ii) conversion of species-trait matrix
into adistance matrix; iii) clustering of the distance matrix into a dendrogram; and iv)
calculating FD by summing dendrogram branch lengths of community species
(Petchey and Gaston 2002). This method is particularly appropriate to this study as it
accounts for covariance between traits (Petchey and Gaston 2002). As the trait matrix
contains categorical variables, Gower’s dissimilarity coefficient (Gower and
Krzanowski 1999) was used to calculate the distance matrix, a method that is better
suited for categorical variables (Gower and Krzanowski 1999). To produce the
dendrogram the GFD script of Mouchet et al. (2008) was used, which selects the
clustering a gorithm that best fits the species distribution in the functional trait space
by minimising the dissimilarity between the distance matrix and the ultrametric

matrix of the functional tree. The unweighted pair group method using arithmetic
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averages (UPGMA) was selected as the best cluster method for the subsequent
analysis asit most often led to the highest cophenetic correlation.
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Statistical analysis

Modeling strategy

Significant spatial autocorrelation was detected in the dataset through visual
inspection of correlograms (Moran’s |, p= 4.44E-16<0.001) validating the assumption
of independently distributed errors, therefore a spatial simultaneous autoregressive
modeling technique (SAR; spdep library in R v2.8.1), (Kissling and Carl 2008) was
used. A weighted spatial neighbourhood matrix representing the spatial relationship
between ecoregions was used as an error term in the SAR. The matrix was constructed
based on Euclidean distance and coded by row-standardisation (the covariance based
on the number of neighbours of each ecoregion in each row of the spatial weights

matrix).

The accuracy of SAR models depend on the model type and the neighbour distance
used. Therefore, they are not always more accurate than “simple ordinary least square
models” (Kissling and Carl 2008). There are two forms of spatial autocorrelation;
“inherent” where the autocorrelation is present in the response variable, and
“induced”, where autocorrelation is present in the predictor variables (Kissling and
Carl 2008). The type of autocorrelation present determines the best model type to use.
Spatial error, lagged and mixed SAR models were trialled on the data; the spatial error
model was selected and used in all subsequent analyses, based on the lowest val ue of
the Akaike information criterion (AIC). Thismodel also performed better than ssimple
and smoothed ordinary least squares OLS models. Severa distances were tested to
construct the spatial neighbourhood matrix and the distance of 750km was selected
after visualisation of the spatial correlograms.

In order to test for significant non-linear effects, four weight functions were tested
(x2, x3, 1/x and 1/2x) for each response variable; 1/x was selected as it produced the
AIC value in aspatial regression with no other predictors. Liner functions were
selected as they produced the lowest AIC value in a spatia regression with no other
predictors (Kissling and Carl 2008).
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In order to ascertain which covariate group(s) best explains the variance in each
metric; each covariate was concatenated to their representative group (climatic,
anthropogenic and physical) and used as the predictor variables. Akaike weights (w;)
were calculated to estimate the relative support for each model; w; represents the
probability that model i isthe best model for the observed data, given the candidate
set of models, and sumsto 1 across al models considered (Burnham and Anderson
2002). The evidence ratio for the models was calculated, which provides an estimate
of the evidence for one model over the other; ratios over 0.90 are considered strong
for the support of one model over another (Burnham and Anderson 2002). In order to
assess the relative importance of each covariate group, the AIC weights (w;) for each
model in which the covariate group appeared was summed (Burnham and Anderson
2002).

To find the combination of covariates resulting in the most likely model that explains
the variation in each metric, a supervised forward selection procedure was adopted;
single covariate models were tried first and the AlCc calculated. The model with the
lowest AIC value was retained and tried in combination with each of the remaining
covariates, both as main effect terms and interaction terms. The better of the two-
covariate models were then selected and tried with each of the remaining covariates,
and this process was repeated until introducing another term into the model failed to

yield amodel with lower AlCc.

Models with adifference in AICc of less than 5 (Burnham and Anderson 2002) were
retained as candidate models from which Akaike weights (w;) and evidence ratios
were calculated. Once again, in order to assess the relative importance of each
covariate group and individua covariate, the AIC weights (w;) for each model in

which the variabl e appeared was summed.
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The climatic, physical and anthropogenic drivers of speciesrichness, PD and FD.

The addition of a species to aregion results in branches added to the resulting
minimum spanning tree/dendrogram and therefore leads to an increase in the PD/FD
measured in that area. Thisresultsin significant correlation between the species
richness of an areaand levels of PD (R?, 0.95, p, 2.00E-16) and FD (R?, 0.93, p,
2.00E-16). Therefore, to accurately understand the spatial distribution of PD and FD
and to determine the climatic and anthropogenic correlates of this pattern, the effect
of species richness must be removed, achieved by using speciesrichness as a
covariate in the SAR error models

How do PD and FD relate to each other?

In order to test the relationship between PD and FD, both indices were standardised to
have amean of 0 and avariance of 1 and the difference between them used as the

response variable in the SAR models.

Results

Both methods used to account for the monotonic relationship between PD/FD and
species richness resulted in the same predictors selected as significant; therefore, only
the results from the covariate method are presented.

The climatic, anthropogenic and physical drivers of speciesrichness, PD and FD.

The model of covariate groups that best explains the variation in species richness was
composed of climatic and physical factors (w; = 0.52, evidence ratio to next best
model = 1.3); climatic factors being the most important (0.92), followed by physical
(0.64), with little support for anthropogenic factors (0.07) (Table 5-1). Similarly, the
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model of covariate groups that best explains the variation in PD comprised of climatic
and physical factors (w; = 0.66, evidence ratio to next best model = 1.7); climatic
factors being the most important (0.94), followed by physical factors (0.71) with little
support for anthropogenic factors (0.03) (Table 5-1). In contrast, FD was best
explained by the model containing all covariate groups; climatic, anthropogenic and
physical (w; = 0.29, evidence ratio to next best model = 1.4); climatic factors being
the most important (0.49), followed by anthropogenic factors (0.41) and then physical
factors (0.31) (Table 5-1).

The covariates that best modeled variation in species richness were:
Mean Elevation + STD Temp + STD Precipitation + Max Precipitation + Max

Temp + Min PET (w; = 0.32, evidence ratio to next best model = 1.19) (Table

5-2)
The covariates that best modeled variation in PD were:

Mean Elevation + Min Temp + Max Temp + STD Temp + Min Precipitation

(w; = 0.41, evidence ratio to next best model = 1.42) (Table 5-2).

Whereas the covariates that best modeled variation in FD were:

Mean Elevation + STD Temp + Min Precipitation + STD Precipitation - Urban
+ PET (w; = 0.21, evidence ratio to next best model = 1) (Table 5-2).
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Model Species Richness Phylogenetic Diversity Functional Diversity

AAIC W, Importance  Rank . AAIC W, Importance  Rank : AAIC W, Importance  Rank
Anthropogenic 9.7 0 0.07 7 10.7 0 0.03 7 19 011 0.41 4
Climatic 34 031 0.92 2 28 027 0.94 2 17 0.2 0.49 3
Physical 59 0.02 0.64 3 54 0.04 0.71 3 5 0.02 0.31 7
Anthropogenic/Climatic 6.6 002 - 4 78 0.01 - 4 16 021 - 2
Anthropogenic/Physical 79 001 - 5 82 001 - 5 26 0.08 - 5
Full 104 0 - 6 12.1 0 - 6 0 029 - 1
Physical/Climatic 0 052 - 1 0 0.6 - 1 27 0.08 - 6

Table 5-1. The models of covariate groups investigated to explain the variation in species richness, PD and FD together with the associated model summary
statigtics. AAIC - the difference in AIC from the best model, w; - Akaike weight (the relative support) and the importance of each covariate group.
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Covariate Species Richness Phylogenetic Diversity Functional diversity
Estimate  P-Vaue Importance  Rank Estimate  P-Value  Importance  Rank Estimate  P-Vaue  Importance  Rank

Urban - - - - - - - - -0.11 <0.001 0.85 5
Max Precipitation 0.24 <0.001 0.83 2 - - - - - - - -
Max Temp Mean 0.08 <0.001 0.7 5 0.08 <0.001 0.68 6 - - - -
Elevation Min -0.08 <0.001 0.69 6 0.09 <0.001 0.73 5 -0.12 <0.001 0.87 4
Precipitation Min - - - - - - - - 0.09 <0.001 0.83 6
PET 0.37 <0.001 0.87 1 0.3 <0.001 0.89 1 - - - -
Min Temp - - - - 0.18 <0.001 0.79 4 - - - -
STD PET - - - - - - - - 0.18 <0.001 0.91 3
STD Precipitation 0.18 <0.001 0.77 0.22 <0.001 0.82 3 0.19 <0.001 0.93 2
STD Temp 0.1 <0.001 0.71 0.28 <0.001 0.87 0.23 <0.001 0.97 1

Table 5-2. The covariatesincluded in the optimal model explaining the variation in speciesrichness, PD and FD together with the associated summary

statistic
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Variation in species richness was best explained by variables associated with energy
and water availability, al of which showed linear relationships. The minimum level
of potential evapotranspiration was the most important (w; = 0.87), having a positive
relationship to species richness whilst the next two variables were related to water;
with species richness increasing with maximum precipitation of the wettest month (w;
= 0.83) and with increasing variability in precipitation (w; = 0.77). Similarly, an
increase in species richness resulted from increasing variability in temperature (w; =
0.71) and an increase in the maximum temperature of the maximum month (w; =
0.70). Finaly, there was a negative relationship with elevation (w; = 0.69); however,
this was not a linear relationship, in fact a quadratic (humped) relationship explained
the variation better, with increasing species richness up to mid-elevation (1000-
1200m), and decreasing species richness at higher elevations (Fig. 5-1).

As with species richness, variation in the quantity of PD was best explained by
energy- and water-related variables; however, energy-related variables were more
significant for PD than was observed for species richness. The minimum level of
potential evapotranspiration was again the most important (w; = 0.89), having a
positive, linear relationship with PD. The seasonal variation in temperature, the
variability in precipitation, and the minimum temperature of the warmest month all
had a positive, linear relationship to the observed variation in PD (w; = 0.87, w; =
0.82, and w; = 0.79, respectively). Overall PD had a positive relationship with
elevation (w;= 0.73); however, the relationship was not linear, instead alogistic curve
best described the variation. PD increased with elevation, leveling off dightly at
mid-elevation (1000-1200m); however, PD continued to increase beyond 1500m,
beyond the mid-elevation maximum observed for species richness (Fig. 5-1). Finally
PD showed a positive, linear relationship with the maximum temperature of the
warmest month (w; = 0.68).
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Variation in FD was best explained by variables associated with energy and water

availability, more specificaly with their variation. FD had a positive and linear

relationship with variability in temperature (w; = 0.97), precipitation (w; = 0.93) and
PET (w; = 0.91). Like speciesrichness, FD showed a quadratic (humped) rel ationship
with elevation (w; = 0.87), increasing up to mid-elevation (1000-1200m), and then

decreasing at higher elevations (Fig. 5-1). A similar relationship was observed with

urbanisation (w; = 0.85), with FD decreasing in ecoregions where urbanisation

development exceeds 1500 km? (Fig. 5-2). The minimum level of precipitation of the

driest month precipitation was also significant (w; = 0.83) in explaining the quantity

of FD, showing a positive, linear relationship.
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Fig. 5-1. The relationship between speciesrichness, PD and FD with elevation.
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Fig. 5-2. The relationship between functiona diversity and urbanisation.

There was no support to suggest that spatial factors having an influence in the
distribution of FD or PD; biome, realm and latitude all showed no significant
relationship with the quantity of either metric.

How do PD and FD relate to each other?

Independently of species richness, PD and FD were still significantly correlated with
each other (p=0.001); however, 69% of the variance in the observed difference

between the two was still unexplained by this relationship.

The variation in PD and FD was best explained by the model containing all covariate
groups, climatic, anthropogenic and physical (w; = 0.58, evidence ratio to next best
model = 2.45); climatic factors being the most important (w; = 0.35) followed by
anthropogenic factors (w; = 0.27) and then physical (w; = 0.22) (Table 5-3).
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M odel ' DAIC w.  Rank  Support
Anthropogenic : 6.8 0 6 0.27
Climatic ; 62 031 5 0.35
Physical i 9.1 0.02 7 0.22
Anthropogenic/Climatic : 31 0.02 2 -
Anthropogenic/Physica ; 45 001 4 -
Full i 0 058 1 -
Physical/Climatic i 37 052 3 -

Table 5-3. The models of covariate groups investigated to explain the difference between PD
and FD in relation to the covariate groups, together with summary statistics. A AIC - the
difference in AIC from the best model, w; - Akaike weight (the relative support) and the

importance of each covariate group.

Standardised differences in expected-observed values between PD and FD showed
the model of covariates that most likely explaining the relationship was:

Urban + Mean elevation + Precipitation range + Min AET + Max Temp (w; = 0.58,
evidence ratio to next best model = 2.45).

The most important variable explaining the difference between the metrics was
maximum temperature (w; = 0.71), followed by elevation (w; = 0.69) and urbanisation
(w; = 0.64). The variation in precipitation (w; = 0.37) and the minimum level of
potential evapotranspiration (w; = 0.28) were also significant in explaining the
variation between the PD and FD metrics (Table 5-4).
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Covariate ' Estimate  P-Value Importance  Rank
Urbanisation i 0.14 <0.001 0.69 2
Max. Temp i -0.11 <0.001 0.64 3
Mean Elevation ! 021  <0.001 0.71 1
Min. PET i 0.02 <0.001 0.28 5
STD. Precipitation : 0.08 <0.001 0.37 4

Table 5-4. The covariatesincluded in the optimal model explaining the difference between
PD and FD together with the associated model summary statistics and the AIC derived

importance of each covariate.

Once again there was no support for spatial factors having an influence, with biome,
realm and latitude showing no significant relationship with the observed difference
between PD and FD values.

Phylogenetic signal

All traits used in the analysis have significant phyl ogenetic signal compared to
Brownian motion, whilst the majority of the variation in the traits occurs at
species/genus level, with the traits showing relatively little variation at the
order/family level (Table 5-5).
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Variance
Trait Signal (A) Order Family Genus Species
Breeding system 099 0.20 0.70 0.96 0.98
Endosperm 096 0.32 045 0.89 0.96

Floral symmetry 093 013 045 096 0.98

Fruit 0.97 0.8 0.66 098 0.98
Pollen dispersa 0.99 048 056 097 0.98
Storage organ 0.85 0.00 012 087 0.96
Woodiness 061 026 031 094 0.98

Table 5-5. The phylogenetic signal (A) for each trait and variance explained by thetraits

position across taxonomic levels.

Discussion

The relationship between PD, FD and species richness has mostly been studied at the
community level, where deviations in one metric from another can be used to infer
processes regulating the assembly of communities (Webb 2000). The results have
indicated that the scale of the analysis influences the type of community structuring
observed, with smaller scale studies showing that biotic processes influence
communities, whilst communities at larger (regional) scales are more influenced by
environmental factors (Cavender-Bares, Keen et al. 2006). However, very few studies
have investigated the global distribution of PD and FD and investigated how they
relate to each other and species richness, or how these patterns are influenced by

environmental factors (Meynard, Devictor et al. 2011).
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Based on an analysis of representative sample of monocots, and consistent with the
findings of other studies (Meynard, Devictor et al. 2011), it was found that the
patterns used to describe the relationship between the environment and global
patterns of speciesrichness (O’Brien 1993) can generdly be extended to PD and FD.
Using spatial simultaneous autoregressive models, energy- and water-rel ated
variables proved to be significantly important variable categories in explaining the
variation in the three facets of biodiversity. Thisis related to the relationship between
water and energy, which are key in regulating photosynthesis and patterns of plant
species richness (O’Brien 1993). Furthermore, species richness has been shown to
vary with climate across biomes in asimilar way, suggesting the relationships are not
the result of pooling across biomes (Francis and Currie 2003). It islikely that the
significance of these variables to general plant species patterns is contributing to the
correlation between the three metrics.

Moreover, the relationship between species richness and PD and FD observed in this
study was more complex, differing in the importance of the individual climatic
variables. Whilst variation in species richness was described by variables linked to
photosynthesis that have been previously demonstrated and effectively used in niche
modeling, the other two metrics behaved different. Rather than responding to
individual measures of PET, temperature and precipitation (e.g. the maximum or
minimum), FD was primarily related to within year variation of energy and water. As
variation in the variables across ecoregions increases the quantity of FD, the diversity
of life history traits present, also increases, a finding attributed to the effect of
environmental heterogeneity on FD. As the environment becomes increasingly
heterogeneous, the number of niches and habitats available to plant species also
increases (Dufour, Gadallah et al. 2006), therefore the quantity of FD present will be
expected to be higher than in relatively stable and homogeneous environmental

conditions.
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It was found that the level of species richness to be significantly correlated with the
maximum precipitation and temperature across ecoregions, agreeing with previous
studiesin apine vascular plants (Moser, Dullinger et al. 2005) and the woody flora of
South African (O’Brien 1993). However, FD was correlated with the minimum
precipitation and temperature of the month rather than the maximum, a difference
attributed to the environmental stress hypothesis (Bertness and Callaway 1994), which
assumes that the pool of species available to colonise an area declines with increasing
harshness of the environmental conditions. In this case species not adapted to low
temperatures and precipitation levels are “filtered” out from the region, leaving
species with traits adapted to the environment and therefore reducing the FD present
(Zobel 1997). The ecoregionsin which FD was observed to be low support this
explanation, predominantly occurring in desert/xeric shrubland and montane
grassland/shrubland biomes (low precipitation) and in the tundra and boreal forests/

taiga (low temperature).

The theory that the species environment filters non-random selections of traits can be
carried forward to explain the effect of anthropogenic variables on the metrics. No
significant effect was found between anthropogenic variables and the quantity of
species richness or PD, however beyond a threshold of 1500 km? of urbanised land
within an ecoregion, FD significantly decreased. Thisfinding is supported by a
number of studies demonstrating that plant (L&bo, Ledo et al. 2011), bird (Devictor,
Julliard et al. 2007), and fish (Clavero and Hermoso 2011) communities subjected to
anthropogenic disturbance contain a non-random subset of species bearing particular
life history traits. Urbanisation and habitat fragmentation have been shown to
negatively affect alarge range of plant functional traits disproportionally, namely
seed size (Laurance, Ferreiraet al. 1998, de Melo, Dirzo et al. 2006), shade tolerance
(Laurance, Ferreiraet al. 1998), pollination syndrome (Laurance, Nascimento et al.
2006) and breeding system (Girao, Lopes et al. 2007).
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The mechanism behind this functional homogenisation of plant communities probably
reflects a complex combination of biotic and abiotic processes; however theresult is
thefiltering of speciesinto “loser” and “winner” species based on life history traits
(Smart, Thompson et al. 2006). Looking at the effect of urbanisation development on
specific functional traits, a significant decrease in species with biotic pollinators and
species with unisexua breeding systems was detected in ecoregions encompassing

more than 1500 km? of urban devel opment. As urbanisation increases the suitable
habitat for plant species decreases and becomes increasingly fragmented. Therefore, the
shiftsin pollination syndrome and breeding systems likely reflects a decrease in biotic
pollinators in edge-dominated small forest fragments and a shift to unisexuality as a
breeding strategy as the size of the population decreases (Girao, Lopes et al. 2007). The
threshold of 1500 km? can be explained when looking at the ecoregions most
significantly affected by a decreasein FD in relation to urban development. They are
similar in that they all belong to the tropical and subtropical moist broadleaf forest
biome; a biome that has high levels of anthropogenic disturbance (Douglas, Wood et

al. 2007). Furthermore, the mgjority are relatively small ecoregions, with a history of
urban development and deforestation such as the Carolines tropical moist forests
(WWF 2001); the relatively small size means that 1500 km? of development represents

asignificant area of the region.

In addition another significant difference between the metrics was the effect of
elevation, with PD increasing while FD and species richness decreased. A
characteristic mid-elevation hump in species richness (Kessler, Kluge et al. 2011)
was found, a phenomenon that has been hypothesised to occur due to the time-for-
speciation’ effect (TSE) that suggests that mid-el evations have been occupied the
longest and will therefore have more species (Wiens, Ackerly et al. 2010). Beyond
mid-elevations, environmental conditions shift, resulting in high elevation regions
becoming increasingly extreme environments (Kessler, Kluge et al. 2011). Asa
consequence, species richness decreases as the number of species that can survive at
high elevations decreases, due to physiological demands (Grau, Grytnes et al. 2007).
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Through this mechanism of environmental filtering, species occurring in extreme
environments possess alower diversity of functional traits, which then allows them to
persist at high elevations, resulting in the decrease in FD with elevation. Looking at
the shift in functional traitsin relation to increased elevation, there was a significant
decline in species with biotic pollination syndromes and species with unisexual
breeding systems above 1500m. It has been demonstrated that the pollination
syndrome, or specifically the local pollinator community, can act as a habitat filter
(Sargent and Ackerly 2008) with changes in the abiotic environment influencing the
relationship between plants and their pollinators (Sargent and Ackerly 2008),
favouring one syndrome over the other, particularly in montane environments (K ay,
Reeves et al. 2005). In this study there appeared to be a shift from a biotic pollination
syndrome to an abiotic pollination syndrome with increasing el evation due to the
decrease in biotic pollinators at higher e evations, a pattern observed in other studies
(Kay, Reeves et al. 2005). Further to the shift in pollination syndrome, and related to
it, there was a shift in breeding system above 1500m with significantly more bisexual
plant species occurring at higher elevations, which is likely to be a consequence of
decreased pollinators and potential mates.

| have demonstrated how the distribution of FD and species richness can differ,
resulting in areas with disproportional quantities of one over another in relation to
environmental stress, habitat filtering and anthropogenic factors. However how does
thisimpact upon PD? Specifically in relation to elevation, why does PD increase at
high elevations when species richness and FD decreases? An explanation liesin the
distribution of traits across the phylogenetic tree; specificaly the phylogenetic signal
and the results from the variance component anaysis (VCA).

Thetraits that appear to most influence the spatial mismatch between species richness
and FD are breeding system and pollination syndrome. These traits have relatively
high phylogenetic signal (A=. ), meaning they are not randomly distributed across
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the phylogenetic tree. Instead, certain clades of the tree, due to shared evolutionary
history, have significantly more of one trait state than the other — in other words, the
traits are conserved. The results from the VCA indicate that trait conservation occurs
at deep nodes in the phylogeny, the variance in breeding system at the order level
being 0.12, compared to the variance at the species level of 0.98 (Table 7). Thus traits
required to survive at high elevations are conserved at the order level whilethereis
more variation at the species level, meaning the species which “pass” through the
filter have come from disparate phylogenetic lineages, a phenomenon common in
plant communities (Pennington and Dick 2004), which results in increased PD within
the high elevation ecoregions (see also Tallents, Lovett et al. 2005).

High variation of trait states at the species level could be seen as inconsistent with the
phylogenetic niche conservatism (PNC) hypothesis which predicts that thereisa
tendency for speciesto retain most of their ancestral characters, and as a consequence
it iseasier for speciesto track the environment than succeed in a new one (Donoghue
2008). However, the apparent inconsistency may simply be due to sampling intensity,
for two reasons: Firstly, the sample of monocot species was relatively small and
broadly dispersed across the monocot phylogeny, as a consequence, the most closely
related species in the phylogeny are rarely immediate siblings and therefore —recent
eventsin thisanaysis are relatively old compared to sibling-species events, meaning
the two explanations maybe compatible but operating in different time scales
(Vamosi, Heard et al. 2009). Secondly, and directly related to the first explanation, as
the species-level splits seen here relate to older biogeographical events, if acomplete
species-level monocot phylogeny could be used we may see increased species level
trait conservatism in line with other findings (Prinzing, Durka et al. 2001, Wiens,
Ackerly et al. 2010), resulting in a decrease of observed levels of PD.



Chapter 5: Theglobal distribution of phylogenetic and functional diversity 89

Conclusion

In line with previous studies (Meynard, Devictor et al. 2011) it was found species
richness, PD and FD vary in similar ways in response to environmental gradients. A
finding explained by the significant effect of energy and water gradients on
photosynthesis, and therefore on plant biodiversity. However, the observed
correlation between the three metrics breaks down in situations of stress, either
environmental or anthropogenic, with increasing stress resulting in the filtering of
specific traits and a consequent homogenisation of trait states and as aresult a
decrease in FD. The relationship between PD and FD was a little more complex. In
this study, the ecological traits displayed an ecological convergent model of
evolution, resulting in aspatial mismatch between PD and FD; however in line with
other studiesif the traits showed high levels of conservatism, then PD and FD would
be expected to respond in asimilar way i.e. both diverge from species richnessin

stressful environments.

It is demonstrated that these three facets of biodiversity are likely to respond
differently in relation to environmental and anthropogenically induced stress and
believe this should be further investigated. Thisis especialy pertinent given the
expected increase in anthropogenic disturbance and increased climatic perturbation.
Further investigation should be done using afull species level phylogeny where
possible, using an increased scope of traits e.g. physiological. This approach will help
improve the understanding of the spatial distribution of different facets of biodiversity
in response to human activities and environmental extremes, and allow amore

holistic approach to biodiversity management.
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Chapter 6: Concluding Remarks

Summary of resultsand implications

In thisthesis | have investigated why certain plant species are threatened with
extinction whilst others are not; and, given limited resources, how we should value
those that are. | also looked at this from a biogeographica perspective, investigating
how areas can be valued and how well current measures of biodiversity, e.g. species

richness, perform as a measure of the functional and phylogenetic diversity present.

The study group that formed the basis of this analysis was derived from Sampled Red
List Index (SRLI); an index developed for a number of speciose groupsin order to
address the taxonomic bias in the coverage of IUCN assessments. Specifically |
worked on the SRLI of monocots, a random sample of 1500 monocots from the
estimated 60,000 known species. The monocots were selected as a study group due to
their large diversity, global distribution and data availability compared to other
groups. These gquestions have been investigated using a broad spectrum of factors —
anthropogenic, climatic and physical — all demonstrated to influence the distribution
of extinction risk, thereby increasing the understanding of underlying extinction

processes and how conservation efforts should be prioritised.

Consistent with previous studies, a non-random pattern of extinction risk was found
(Chapter 3) confirming that the current extinction crisisis targeting species with
certain characteristics (Bennett and Owens 1997, Cardillo et al. 2005, Bradshaw et al.
2008, Brook et al. 2008, Sodhi et al. 2008). Four variables emerged as consistent

predictors of extinction risk across taxa and threat types, with previous studies
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reporting similar correlations, namely:

1. The mode of pollen dispersal, with biotically pollinated species facing higher
extinction risk.

2. The number of seedsin the fruit, with species whose fruit contains fewer seed

facing higher extinction risk than those with numerous seeds.

3. The species dtitude, with species at higher altitudes facing higher extinction
risk than those at low altitudes.

4. The habitat of the species, with epiphytes facing higher extinction risk than
terrestrial species.

In modeling the variance in extinction risk, it was found although these factors had a
significant effect, the variance they explained for the monocots was relatively low (~
11%), compared to that of non-plant taxa (~30%), afinding that has been replicated in
other studies (Bradshaw et al. 2008, Sodhi et al. 2008) and recently has led people to
guestion the ability to model patterns of plant extinction risk (Davies et al. 2011).
However, once environmental factorsi.e. anthropogenic and climatic variables were
included the explanatory power of the models increased. Interestingly, adding these
variables as independent factors resulted in amarginal increase in explanatory power;
but when interaction terms between the traits and the environment were included the
explanatory power (~29%) became comparable with values observed in other taxa
(Cooper et al. 2008). Through the findings outlined here it appears rather than plants
being difficult to model, it was more a matter that the right questions were not being
asked, resulting in important variables and interactions being omitted from previous

studies.
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Likely as a consequence of plants sedentary habit, their environment more
immediately influences them than mobile taxa, and once this has been taken into
account, the power of the plant models increases. Furthermore, although not directly
tested here, based on my findings and those of others (Freville et al. 2007), | would
hypothesise that plant extinction risk is driven more by localised heterogeneity in
environmental factors, i.e. fine scale patterns of nutrient availability, than other taxa.
Consequently, to develop these models further | believe we need to complement
global scale analyses with localised studiesin order take into account regional and
biological heterogeneity and variation. Despite this, the global approaches | have
taken in this thesis have proven powerful in expanding our knowledge of patternsin

plant extinction risk whilst providing potentially fruitful avenues for future research.

Chapter 4 of my thesis highlights that under current patterns of extinction risk
significantly more evolutionary history (EH) will be lost than would be expected if
extinction were random i.e. there appears to be significantly more EH within
threatened species than those non-threatened. Thisis due to the non-random
distribution of threat and EH across the monocot phylogeny, with species on long
branches more prone to extinction than those on shorter branches, a pattern found
across the whole phylogeny. This finding was particularly apparent in members of
the Bromeliaceae and Arecaceae, a consequence of both families having
disproportionately high EH values due to both families splitting from the mgor
trunk of the monocots relatively early and having high “speciation bursts”, coupled
with both families having arelatively high percentage of threatened species,
perhaps due to a number of endemic species from both groups occurring in close
proximity to areas of high human disturbance.

The most frequently used index to prioritise species for conservation isthe IUCN Red
List, however this approach makes no allowances for phylogenetic distinctiveness of
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species. For example, beyond saying a speciesis critically endangered or vulnerable
it does not take into account how unique the speciesis or what would be lost if one

critical species became extinct rather than another.

Given significantly more EH islikely to be lost with current extinction patterns than
under arandom scenario, it would be pertinent to combine conservation status (i.e.
IUCN classification) with a measure of EH, thereby weighting species for
conservation. However, no significant difference was observed in EH values within
the IUCN threatened categories, resulting in threatened species with high EH values
not being discriminated from those threatened species with low values. This has been
found to be the case in al the taxa studied to date (The Zoological Society of London
2011), with coral species being the group that would lose the most EH if prioritisation
were based solely on IUCN categories with 85% of the 13 species studied classified
asEN and VU, i.e. not given the highest IUCN ranking (The Zoologica Society of
London 2011).

However, in the absence afull phylogeny it is not possible to explicitly test how
many, or which species are, under a EH framework, not receiving sufficient
conservation priority. Nevertheless, the study isthe first to date that has looked at the
relationship between a plant species EH value and its [IUCN rating, and what it
achievesis highlighting the fact that the findings with plants are consistent with other
taxa, making thisa priority areafor future research.

Another frequently used method by conservation practitionersis the prioritisation of
one area over another, the quantity of biodiversity present is often the currency used
for discrimination. This thesis explored the use of species richness as a surrogate for
biodiversity and its different facets, namely functional diversity (FD) and

phylogenetic diversity (PD). In accordance with other studies it was found the
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surrogacy generally corresponds, with the different diversity measures responding in
similar ways to the environment (Devictor et al. 2010). This was due to the
overriding importance of energy-and-water related variables in determining the
global distribution of plant species (Kreft and Jetz 2007), resulting in high
correlations between the different facets.

Moreover, discrepancies between species richness, FD and PD were identified,
challenging the claim of interchangeability of different biodiversity measures. The
results suggest that environmental filtering limits species occupying a particular
habitat to those that are pre-adapted, and thus functionally similar, which would result
in disproportionately low values of FD in a number of regions compared to the
number of species present. Thisfiltering is attributed to two underlying causes, each
of which has been demonstrated in previous studies to cause functional

homogenisation, but never over aglobal scale;

1. Climatic stress. In areas where the average monthly temperature or levels of
precipitation were below acritical level, FD was significantly lower than the
level of species richness. Species were filtered from these regions of climatic
stress due to a number of traits, for example absence of an underground

storage organ or seed endosperm.

2. Anthropogenic stress. When the area of agriculturally developed land within an
ecoregion passed athreshold, FD significantly decreased, with the species
present in these disturbed habitats generally having bisexual breeding systems
and abiotic pollination vectors. On the other hand, there was no detectable
effect on the level of speciesrichness or PD in relation to the degree of

agricultural development.
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A pattern of phylogenetic over-dispersion (i.e. higher PD than expected given the
number of species present) was detected at high elevations can be attributed to
filtering of traits that have evolved in a number of orders through a convergent
evolution, resulting in communities at high elevations being composed of a number of
evolutionary distinct lineages.

The significance of these resultsistwo-fold: Firstly, it isthefirst global analysis of
plant biodiversity aimed at unraveling the mechanisms regulating the observed
patterns of biodiversity taking into account more than the diversity of species present.
Second, the mechanisms that have caused the interchangeability of species richness,
FD and PD as measures of biodiversity to breakdown, i.e. climatic extremes and
anthropogenic disturbance, are predicted to increase in terms of frequency and
severity in the future.

Clearly, studying areas where discrepanciesin different diversity measures occur can
provide us with the means to understand what are the central causes underlying

variation in biological diversity.

Potential bias

One shortcoming intrinsic to all analyses of extinction risk as identified using the
IUCN Red List (Chapter 3) isthat many species are categorised as Data Deficient
(DD). I had to exclude such species (289) from my analyses, which potentially
removed a biased subset of biodiversity; as species are often categorised as DD
because of insufficient data, due to there rareness, and thus they are more likely to be
threatened. If a DD species turn out to be mostly threatened, the detected correl ations
of risk may underestimate or overestimate the true importance of these factorsin
determining extinction risk.
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Furthermore, if the distribution of DD species across the phylogeny is not
taxonomically random then a further bias will be introduced. However looking at the
percentage of families of which there are IUCN ratings and those with DD ratings |
found no difference in the taxonomic “make up” of the two lists: Looking at thetop 5
families (which make up over 80% of the species) the order is the same and the
percentages comparable — Orchidaceae(26.6% — IUCN / 35.3% — DD); Poaceae
(19.3% - IUCN / 11.6% — DD); Bromeliaceae (13.3% — IUCN / 10.8% — DD)
Cyperaceae (13.1% — IUCN / 7.5% — DD) and Araceae (6.1% — IUCN / 4.7% — DD)

A possible solution to the problem of DD species for future studies could be multiple
imputation (substitution) of the missing values for extinction risk. In practice, thisis
likely to be difficult as the imputation for risk needs to be phylogenetically explicit,
considering the strong phylogenetic signal in extinction risk and threat types.
Additionally, many DD species may be so poorly known that their biological trait

values will be missing as from record as well.

The problem of missing data can be extended to the others chapters (4 and 5) in
particular in the calculation of EH, where due to the methods used to calculate EH,
missing species from the phylogeny could potentially inflate the EH scores of the
close relatives present (Isaac et al. 2007). However the phylogeny used contains taxa
that are sampled randomly with respect to the complete phylogeny, a factor that will
minimise this bias. If the sampling method was non-random, e.g. one representative
of each subgenus was selected, this would lead to over-dispersed sampling and would
raise the type | error (Pybus and Harvey 2000). On the other hand, if taxaare
excluded because they exhibit atrait (such asrarity or geographical location) that is
correlated with phylogeny, the sampled set will be under-dispersed raising the type 11
error (Pybus and Harvey 2000). Crucially, where there is bias due to sampling it will
be consistent throughout the phylogeny, therefore any inflation will have no
taxonomic, geographic or IUCN rating bias. Thisis due to the large sample size used,
where the sample anal ysed has been shown, through simulation, to be representative
of the complete taxonomic group in terms of species richness per order and
biogeographic realm (Baillie et al. 2008).
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Asistypical for complex, global analyses, there are many other possible sources of
error. However, only large-scale, complex analyses as presented here can give insight
into genera patterns and processes. Furthermore, a trade-off exists; if too much time
is spent collecting data before making decisions, we may stand to miss opportunities

for conservation of biodiversity, particularly if thereis on-going loss of habitat.

Conversely, not enough data may lead to poor decisions. However, in the context of
dynamic and ever-changing world, decisions are required, and waiting for the

“complete” dataset before taking any action would, in my opinion, be naive.

Conclusion

Plants have colonised much of the land’s surface, resulting in high numbers of
species with amazing diversity. However, despite their importance to alarge number
of the earth’s biological processes, there are an ever-increasing number of
documented mechanisms leading to their extinction. In spite of their importance,
processes resulting in the extinction risk for plant species and ways to counter them
are not as other well studied as smaller, more charismatic groups, such as mammals.

Given the number of species studied and the global scope of the analysis, there are a
number of potential conservation implications resulting from this thesis. Firstly, the
key drivers of plant extinction risk are not that different from other taxa. Secondly,
given the wealth of studies suggesting so, anthropogenic disturbance is plays a key
rolein plant extinction risk. However future studies trying to predict future risk levels
for terrestrial plants should be more locall y-focused than for other groups, given the
sedentary nature of plants and the importance of local scale environment:plant

interactions.

Conservation efforts need to focus on preserving ecosystem function. The lack of

equival ence between different measures of biodiversity under a range of scenarios
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suggests that conserving areas with high numbers of threatened speciesis not
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necessarily the most effective for global biodiversity conservation. My results
strongly suggest that human actions have selectively caused declines in a number of
species, pruning unigue evolutionary history from the tree of life whilst
homogenising the trait states of the species remaining. However, with a combination
of global and local scale analysis, and the increasing recognition of how vital plants
are not only to the environment but aso to the future welfare of humankind, thereis
still hope, partly influenced by future academic research, that it may not be too late to

save significant parts of plant global biodiversity.
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