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Foreword

The desperate, and seemingly inexorably worsening, state of biodiversity on Earth
is arguably not a consequence of conscious choices. That is much of the problem.
There are undoubtedly cases, and many of them, in which people made explicit
decisions to forgo the variety of life naturally present in a given area in favour of
some alternative benefit (e.g. agricultural activity, energy production, housing).
However, by and large, the global losses of species, and the reductions in the abun-
dances and distributions of increasingly the majority of others, are the outcome of
outright ignorance of the impacts of anthropogenic activities, of underestimation or
misunderstanding of the impacts of those activities, and, perhaps most significantly,
a host of individual decisions which whilst independently perhaps quite rational
have led to a combined pressure on biodiversity that is far from what it can sustain.

The field of conservation biology has done much to highlight the status and
trends in biodiversity, but especially the need for active and explicit choices as to its
future. Frustrating as is their failure to date to be realized, the establishment of base-
lines and targets for biodiversity at regional, national and global scales is the logical
framework within which decisions can properly be made as to what environmental
changes and management actions are and are not carried forward, and with what
consequences. The ‘agony of choice’ needs to be a real choice, albeit the agony may
not always be avoided.

Key to determining baselines and targets, and what choices to make, is deciding
which metric to use to discriminate between different outcomes, and particularly to
compare those of current actions with alternatives. This book provides a cogent
argument for the use of phylogenetic diversity as a key metric — that is, measures of
biodiversity that capture evolutionary history — and phylogenetic systematics as a
core organizing principle. It highlights the benefits and constraints of such an
approach, explores the ways in which it can be implemented, and describes a rich
diversity of applications. This is the most comprehensive compilation of cutting-
edge contributions on this topic to date, provides many valuable insights, and a ‘go
to’ source of understanding. The intention to help improve the global condition of
biodiversity is apparent throughout.



vi Foreword

Biological conservation has oft been hampered by those who have maintained
that priorities for action should only be established using approaches that are easily
understood by the general public. The same demand has not been made in many
other arenas of human endeavor (e.g. medicine, nuclear power), and neither should
it constrain biological conservation. That said, there does remain a substantial chal-
lenge of encouraging an informed citizenry around the justification and goals of
using a phylogenetic diversity approach, and gaining their support. Only by so
doing will there be a genuine chance of aligning the multitude of biodiversity-criti-
cal decisions being made each and every day across the continents and oceans.

Environment and Sustainability Institute Kevin J. Gaston
University of Exeter, Exeter, UK
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Phylogenetics and Conservation Biology:
Drawing a Path into the Diversity of Life

Roseli Pellens and Philippe Grandcolas

Abstract In the midst of a major extinction crisis, the scientific community is
called to provide criteria, variables and standards for defining strategies of biodiver-
sity conservation and monitoring their results. Phylogenetic diversity is one of the
variables taken in account. Its consideration in biodiversity conservation stemmed
from the idea that species are not equal in terms of evolutionary history and opened
a completely new line of investigation. It has turned the focus to the need of protect-
ing the Tree of Life, i.e. the diversity of features resulting from the evolution of Life
on Earth. This approach is now recognized as a strategy for increasing options for
future needs and values as well as for increasing the potential of biodiversity diver-
sification in a future environment. Since its introduction in biodiversity conserva-
tion thinking much has been developed in order to compose our conceptual
understanding of the importance of protecting the Tree of Life. The aim of this book
is to contribute to the ongoing international construction of strategies for reducing
biodiversity losses by exploring several approaches for the conservation of phyloge-
netic diversity. We hope that this concentrated effort will contribute to the emer-
gence of new solutions and attitudes towards a more effective preservation of our
evolutionary heritage. The chapters of this book are organized around three main
themes: questions, methods and applications, providing a condensed updated pic-
ture of the state of the art and showing that either conceptually or methodologically
phylogenetic diversity has everything to be on the global agenda of biodiversity
conservation.

Keywords Tree-of-life e Sixth mass extinction ® Evolutionary heritage ® Biodiversity
monitoring ¢ Essential biodiversity variable
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2 R. Pellens and P. Grandcolas

During the last centuries and more dramatically in the last four decades, natural
habitats were destroyed at rates much higher than ever observed in human history.
All biomes were affected, but those located in tropical regions were more impacted,
particularly because policies for the development and appropriation of these territo-
ries were emphasized during this period. Nonetheless, the massive transformation
of these landscapes to give place to crops and towns multiplied species’ losses and
vulnerability at incredible rates (Millennium Ecosystem Assessment 2005), mostly
due to the fact that most of world’s biodiversity is concentrated around the tropics
(Gaston 2000). In addition to habitat destruction and fragmentation, natural ecosys-
tems were also submitted to high levels of pollution, overexploitation of forestry
and fishery resources, invasive species, and to the effects of climate changes mainly
provoked by man-induced greenhouse gas emissions. As a result, a high number of
species were already extinct and others have suffered severe populations declines
(Mace et al. 2005), with many advancing at high speed to higher categories of threat
every year (e.g., Hoffmann et al. 2010). So, recent scenarios integrating main extinc-
tion drivers suggest that rates of extinction are likely to rise by at least a further
order of magnitude over the next few centuries (Mace et al. 2005; Pereira et al.
2010; Barnosky et al. 2012; Proenca and Pereira 2013).

This critical situation is now recognized as the “sixth mass extinction”, i.e. the
sixth period in the history of life in which more than three-quarters of the living
species is lost in a short geological interval (Barnosky et al. 2011). Compared to the
first “big five”, this extinction period has the peculiarity of being caused mainly by
the way of living of one single species, the humans. Counteracting this trend is per-
haps the biggest ethic, political and scientific challenge of our times (Sarkar 2005),
as the time for action is short, funds for biodiversity conservation are far from below
the real needs (e.g., McCarthy et al. 2012), uncertainties are enormous (Forest et al.
2015), and the solution of conflicts with main-trend ways-of-living and main pat-
terns of distribution and consumption (e.g., Lenzen et al. 2012) often takes much
longer than habitat destruction.

In the race to combat extinctions, there is urgency for increasing conservation
worldwide. The scientific community is pressed to provide criteria in order to define
priorities, as well as for indicating variables and standards that allows for monitor-
ing the evolution of biodiversity in the light of these strategies (Hoffmann et al.
2010; Pereira et al. 2010, 2013; Mace et al. 2010, 2014). Traditionally, biodiversity
conservation was based on species counts, valuing sites in terms of species richness,
number of endemics and number of threatened species (Myers et al. 2000; Myers
2003; Kier et al. 2009). However, in spite of its generalized use, this kind of data can
be very heterogeneous making very difficult comparisons across taxonomic groups,
along time and among sites, as species richness can be influenced by many factors,
going from the species concept to the spatial scale and sampling effort (see Gaston
1996 for an overview on this subject). Similarly, in spite of the great interest of Red
Lists of species’ threats, such as that from IUCN (International Union for
Conservation of Nature), to indicate imminent risks of extinction, concentrating
conservation-limited resources on threatened species can be very risky and these
limits must be considered (Possingham et al. 2002). Moreover, measures based on
species counts also have the limitation of considering all species as equals, being
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blind to particular functional roles in the ecosystem, to associations in communities,
or to their evolutionary history.

The contribution of phylogenetic systematics to this debate stemmed from this
idea that species are not equal and from the possibility of characterization in terms
of evolutionary history (Vane-Wright et al. 1991; Faith 1992). Systematics addresses
the interrelatedness of organisms in terms of shared inherited and original features
(Hennig 1966; Eldredge and Cracraft 1980; Wiley 1981). This old but recently
revived science moved from describing and classifying the living beings in the eigh-
teenth century to macro-evolutionary biology in the twentieth century with modern
phylogenetics (O’Hara 1992). Phylogenies are trees of history, showing both the
species relationships and the evolution of sets of characters. They are the basis for
organizing and retrieving all current knowledge about biodiversity, either structural
or functional in an evolutionary context.

The consideration of phylogenetic systematics in biodiversity conservation
opened a completely new line of investigation as it has turned the focus to the need
of protecting the Tree of Life, i.e. the diversity of features resulting from the evolu-
tion of Life on Earth (Mace et al. 2003; Purvis et al. 2005; Mace and Purvis 2008;
MacLaurin and Sterelny 2008; Forest et al. 2015). Since its introduction in biodiver-
sity conservation thinking much has been developed in order to compose our present
conceptual understanding of the importance of protecting the Tree of Life. Several
methodological issues were developed and refined; the input of phylogenetic diver-
sity in comparison with species richness was assessed in different ways; several
studies attempting to prioritize species and areas for conservation were developed;
the relationship between the losses of evolutionary history with extinctions was
studied in different contexts; and different new concepts emerged (see Table 1).

Glossary

Biodiversity: is a very inclusive term formed by contraction of “biological
diversity.” In this book, we use this term to express the variety of life, often
willing to express the integrative definition of the Convention on Biological
Diversity in which “Biological diversity” means “the variability among
living organisms from all sources including, infer alia, terrestrial, marine
and other aquatic ecosystems and the ecological complexes of which they
are part; this includes diversity within species, between species and of
ecosystems”.

Evolutionary history: the chronicle of the process whereby the diversity
of life is built.

Phylogenetic Systematics: the scientific discipline describing and naming
the different organisms, assessing their relatedness in the Tree of Life and
proposing subsequent classifications. Species phylogenetic relationships are
assessed on the basis of originally shared characters modified during
evolution.

Tree of life: an old metaphor to describe the interrelatedness of all organ-
isms (living and extinct), based on their evolutionary history.
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Table 1 Some examples of studies linking phylogenetic systematics and biodiversity conservation

Problems

Examples

Development of methods and
measures to assess taxonomic or
evolutionary distinctiveness or
phylogenetic diversity

Vane-Wright et al. 1991; May 1990; Faith 1992; Posadas

et al. 2001; Pavoine et al. 2005; Redding and Mooers 2006;
Isaac et al. 2007; Steel et al. 2007; Hartmann and Steel 2007;
Lozupone and Knight 2005; Rosauer et al. 2009; Cadotte
and Davies 2010; Chao et al. 2010

Comparison of phylogenetic
measures

Schweiger et al. 2008; Davies and Cadotte 2011; Pio et al.
2011

Comparison of phylogenetic
diversity to traditional measures

Polasky et al. 2002; Rodrigues and Gaston 2002; Rodrigues
et al. 2005, 2011; Hartmann and André 2013

Inclusion of phylogenetics in
systematic conservation
planning

Walker and Faith 1994; Arponen 2012

Prioritization of areas for the
conservation of evolutionary
history

Posadas et al. 2001; Lehman 2006; McGoogan et al. 2007;
Lépez-Osorio and Miranda-Esquivel 2010; Forest et al.
2007; Buerki et al. 2015; Pollock et al. 2015; Zupan et al.
2014

Prioritization of species

Weitzman 1998; Isaac et al. 2007; Kuntner et al. 2011;
Redding et al. 2015

Relationship between
extinctions and the loss of
phylogenetic diversity

Nee and May 1997; Purvis 2008; Davies et al. 2008; Fritz

et al. 2009; Fritz and Purvis 2010; Magnuson-Ford et al.
2010; Jono and Pavoine 2012; Yessoufou et al. 2012; Davies
2015; Faith 2015; Gudde et al. 2013; Huang and Roy 2015

Climate change and the loss of
phylogenetic diversity

Faith and Richards 2012; Thuiller et al. 2011, 2015

Phylogenetic and functional
diversity

Safi et al. 2011; Huang et al. 2012

Cost of conserving phylogenetic
diversity

Weitzman 1998; Nunes et al. 2015

Development of key concepts
related to biodiversity
conservation that integrates
phylogenetic diversity

Evolutionary heritage (Mooers et al. 2005)

Phylogenetic diversity and option values (Faith 1992; Steel
et al. 2007; Forest et al. 2007)

Evosystem services (Faith et al. 2010)

Key biodiversity areas for conservation (Brooks et al. 2015)

Phylogenetic planetary boundaries and tipping points (Faith
et al. 2010)

Please note that these are leading marks: most of these researches approached more than one of

these problems

The main aim of this book is to contribute to the ongoing international search for

reducing biodiversity losses in this critical period for life on Earth by exploring
several approaches for the conservation of phylogenetic diversity. As shown in
Table 1, the universe of problems to be prospected in this subject is quite large and
could not fit in a single volume. In spite of that, here we provide a condensed
updated picture of the state of the art showing that either conceptually or method-
ologically phylogenetic diversity has everything to be on the global agenda of bio-
diversity conservation. This book is organized around three main themes: questions,
methods and applications. We hope that this concentrated effort will contribute to
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the emergence of new solutions and attitudes towards a more effective preservation
of our evolutionary heritage.

Questions

This first section is composed of chapters addressing some central questions con-
cerning the links between biodiversity conservation and phylogenetic systematics.
The first, and perhaps the most important of these questions, concerns the nature of
the role of phylogenetic systematics in conservation efforts. How do we value the
Tree of Life? Why to use aspects of phylogeny in preference to other biodiversity
variables? These questions are explored by Lean and Maclaurin in chapter “The
Value of Phylogenetic Diversity”. They develop the idea that phylogenetic diversity
plays a unique role in underpinning conservation endeavor and represents the foun-
dation of a general measure of biodiversity. In a synthesis about the reasons and the
types of values that should guide biodiversity conservation and qualify a general
biodiversity measure, they propose that phylogeny is the only basis for large-scale
conservation prioritization. They justify this argument by showing that phylogeny is
the only guide for maximizing feature diversity (sensu Faith 1992) across many dif-
ferent taxa, and also is the best way to hedge our bets against uncertainties related
to environmental changes and to human’s future needs and values.

Glossary

PD or Faith’s PD: is the measure of phylogenetic diversity created by Faith
(1992). Specifically it is the sum of the lengths of all phylogenetic branches
(from the root to the tip) spanned by a set of species. In this book, we refer
to PD or Faith’s PD to indicate this measure.

Phylogenetic diversity: all over this book we use this term in very large
sense, independently of the measure, willing to express the differences
between organisms due to their evolutionary history, and so captured by a
phylogeny. It can be used to express the uniqueness of one species or the rep-
resentativeness of a set of organisms, according to several different
measures.

Evolutionary distinctiveness (Isaac et al. 2007) or Evolutionary dis-
tinctness: is here used to indicate measures destined to assess the phyloge-
netic diversity of each species, independently if it is based on topology or
branch length. Contrarily to PD, where the contribution of a species may vary
from one set to another depending on the other species occurring in it, with
measures of evolutionary distinctiveness each species has an invariable value.

Taxonomic distinctiveness (Vane-Wright et al. 1991): like in the case of
Evolutionary distinctiveness, it is used to express measures designed to assess
the phylogenetic diversity of species, but this definition is restricted to those
measures based on tree topology.
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If the way we value phylogenetic diversity is central for any justifications for
including phylogeny in conservations efforts, an equally important consideration
must be the choice of the measure that adequately captures the aspects of phyloge-
netic diversity that are important for conservation. Lean and MacLaurin propose
that this measure should maximize feature diversity. However, there are very few
studies comparing the performance of the measures under such criteria (Redding
and Mooers 2006; Schweiger et al. 2008; Pio et al. 2011). Dan Faith (chapter “The
PD Phylogenetic Diversity Framework: Linking Evolutionary History to Feature
Diversity for Biodiversity Conservation”) addresses this question through the com-
parison of PD (Faith 1992), in relation to several measures of Evolutionary
Distinctiveness (ED) in the context of priority setting for conservation. The core of
Dan’s analysis is complementarity (marginal gains and losses of PD or feature
diversity), an attribute intrinsic to PD’s algorithm, but lacking in ED measures. Here
he shows that PD complementarity allows the identification of sets of species with
maximum PD, whereas ED indices are unable to reliably identify such diverse sets.

The next contribution deals with the loss of phylogenetic diversity with extinc-
tion. Are there phylogenetic signals in extinctions? What is the role of extrinsic and
intrinsic factors in extinctions, and what is the role of phylogeny in data exploration
and analysis (Grandcolas et al. 2010)? Are extinction drivers similar to different
groups of organisms? What is the role of evolutionary models in the patterns
observed? These questions are here explored by Yessoufou and Davies (chapter
“Reconsidering the Loss of Evolutionary History: How Does Non-random
Extinction Prune the Tree-of-Life?””). They first review the main extinction drivers,
showing that the most relevant might be quite different among vertebrates, inverte-
brates and plants. By exploring how non-random extinction prunes the Tree of Life
under different models of evolution, they call our attention to the fact that the model
of evolution is likely to be a key explanatory of the loss of evolutionary history.
They also argue that more branches are likely to be lost from the Tree of Life under
the speciational model of evolution.

Many of our considerations about the conservation of the Tree of Life are based
on our knowledge of a micro-fraction of the living world, given that we often focus
on organisms that are very close to human eyes, like vertebrates, vascular plants,
and a few emblematic insects. Likewise, most of the phylogenies used to this pur-
pose are based on molecular data, very often on very small sets of short gene
sequences. An advantage of molecular data for phylogenetic inference is provision
of a standardized set of characters, often reflecting the main patterns of relationship
of the species in a group of organisms. However, the extent to which these genes
portions evolve and reflect the evolution of other traits is seldom well studied. Such
an issue is central to arguments that phylogenetic diversity links to general feature
diversity. These problems are explored by Steve Trewick and Mary Morgan-
Richards (chapter “Phylogenetics and Conservation in New Zealand: The Long and
the Short of It”). With examples of the phylogenetic position (as assessed through
molecular data) of some legendary organisms from New Zealand such as Kakapo,
takahe and tuatara, they shake some established views about the extent molecular
branch length reflects other extraordinary ecological, morphological or behavioral
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traits. Going further, they turn our lenses to the microscopic life that is much more
deeply branched in the Tree of Life. Taking the example of marine sponges, they
show that a single sponge provides an environment that can host several distinct
microbial communities (microbiomes) and so preserve organisms from more than
40 phyla all branched much deeper than vertebrates and plants. At reading this
chapter, we are guided to a more inclusive perspective of biodiversity and we can
find more reasons for protecting Kakapo, takah€, tuatara, marine sponges and...
microbes.

Relict species are often presented as examples of important species for the con-
servation of phylogenetic diversity. Everyone has heard about Coelacanth and
Platypus as examples of unique evolutionary histories. In spite of this, the concept
of relict species is still plagued with misleading ideas and uses, potentially causing
misunderstandings for the use of phylogenetic diversity in general. Philippe
Grandcolas and Steve Trewick (chapter “What Is the Meaning of Extreme
Phylogenetic Diversity? The Case of Phylogenetic Relict Species”) aim at freeing
the concept from these problems, and use the extreme case of relict species to
explore the nature and the use of phylogenetic diversity. The study of relicts helps
understanding that early-branching species that make high values of phylogenetic
diversity (the “unique PD” of Forest et al. 2015) are not necessarily evolutionarily
“frozen”. Their conservation is not only aimed at retaining Life’s diversity but also
at keeping evolutionary potential. It is also worth-mentioning that such species have
often been empirically shown to have special extinction risks, highlighting again the
important role of phylogenetic diversity in conservation biology.

Methods

In this section we introduce the set of contributions dealing with methodology sensu
stricto. It starts with two papers dealing with different possibilities of applications
and extensions of the PD framework in community assessments, area comparisons
and long-term monitoring of biodiversity changes. In chapter “Using Phylogenetic
Dissimilarities Among Sites for Biodiversity Assessments and Conservation”, Dan
Faith details one possible extension of the PD family of measures, the Environmental
Dissimilarity (ED) methods. While PD assumes that shared ancestry accounts for
shared features among taxa, ED attempts to account for shared features through
shared habitat/environment among taxa, thus including those shared features not
explained by shared ancestry. With some graphical examples Dan shows how ED
works. Further, he synthesizes a set of ED-based measures. These include ED com-
plementarity measures designed with the similar aim of calculating and predicting
features gains and losses as we gain or lose areas in conservation planning. He con-
cludes by indicating that ED methods appear to offer a robust framework for global
assessments and for long-term monitoring of biodiversity change.

In chapter “Phylogenetic Diversity Measures and Their Decomposition: A
Framework Based on Hill Numbers”, Anne Chao, Chun-Huo Chiu and Lou Jost
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develop a set of tools for integrating species abundances in PD calculations. This
proposition enlarges the range of applications of the PD framework, making it a
very useful tool for monitoring changes in biodiversity and warning about important
changes in abundance before species become actually extinct. This framework is
based on Hill numbers, describing the “effective number of species” found in a
sample or region. Here Chao et al. provide a rich overview of abundance-based
diversity measures and their phylogenetic generalizations, the framework of Hill
numbers, phylogenetic Hill numbers and related phylogenetic diversity measures.
They also review the diversity decomposition based on phylogenetic diversity mea-
sures and present the associated phylogenetic similarity and differentiation. With a
real example, they illustrate how to use phylogenetic similarity (or differentiation)
profiles to assess phylogenetic resemblance or difference among multiple assem-
blages either in space or time.

Phylogenetic reconstructions often result in different near-optimal alternative
trees, particularly due to conflicting information among different characters. What
do we do as conservation biologists when the phylogenetic reconstruction leads to
multiple trees with conflicting signals? This problem is here addressed by a contri-
bution by Olga Chernomor et al. (chapter “Split Diversity: Measuring and
Optimizing Biodiversity Using Phylogenetic Split Networks™) with a proposition of
combining the concepts of phylogenetic diversity and split networks in a single
concept of phylogenetic split diversity. They show how split diversity works and
design its application and the computation solution in biodiversity optimization for
some well-known problems of taxon selection and reserve selection, exploring how
to include taxon viability and budget in this kind of analysis.

The extent to which sampling effort might influence the rank of conservation
priorities is long recognized as a central issue in selecting areas for conservation
(Mace and Lande 1991; Mckinney 1999; Régnier et al. 2009), but has so far
remained practically untouched in the study of conservation of phylogenetic diver-
sity. Here we have the opportunity to present three different approaches to this prob-
lem. The convergence of these independent studies shows the importance of this
subject and the recognition of the urgency of searching for solutions. In chapter
“The Rarefaction of Phylogenetic Diversity: Formulation, Extension and
Application”, David Nipperess deals with this question in the PD framework by
further developing the rarefaction of PD first proposed by Nipperess and Matsen
(2013). Here he provides a detailed formulation for the exact analytical solution for
expected (mean) Phylogenetic Diversity for a given amount of sampling effort in
which whole branch segments are selected under rarefaction. In addition, he extends
this framework to show how the initial slope of the rarefaction curve (APD) can be
used as a flexible measure of phylogenetic evenness, phylogenetic beta-diversity or
phylogenetic dispersion, depending on the unit of accumulation.

In chapters “Support in Area Prioritization Using Phylogenetic Information” and
“Assessing Hotspots of Evolutionary History with Data from Multiple Phylogenies:
An Analysis of Endemic Clades from New Caledonia”, the question of resampling
and support of the dataset for defining priority areas is studied in the framework of
evolutionary distinctiveness (ED). In chapter “Support in Area Prioritization Using
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Phylogenetic Information”, Daniel Rafael Miranda-Esquivel develops one scheme
to verify the support for area ranking using a jackknife resampling strategy. In this
proposition, one can evaluate the more adequate index and the support of the area
ranking with different probability values when deleting phylogenies, and/or areas
and/or species. In chapter “Assessing Hotspots of Evolutionary History with Data
from Multiple Phylogenies: An Analysis of Endemic Clades from New Caledonia”,
we and our collaborators Antje Ahrends and Pete Hollingsworth, propose a scheme
for solving the problem of sampling bias in datasets with phylogenies coming from
independent and so, non-standardized, spatial sampling. We use the rarefaction of
phylogenies to assess the role of the number of phylogenies, of species richness and
of the influence of individual phylogenies on site’s scores. And then we design a
resampling strategy using multiple phylogenies to verify the stability of the results.
This method is applied to the case of New Caledonia, a megadiverse island with all
locations equally rich in microendemic species and where phylogenetic diversity is
especially helpful to determine conservation priorities among sites.

Applications

This last section is composed by contributions exploring the application of phyloge-
netic diversity methods in study cases. These studies are deliberately diverse in
approaches of the use and applications of phylogenetic diversity, and of measures,
spatial scales, geographic locations and taxonomic groups as well. It starts with two
analyses integrating the conservation of evolutionary history in systematic conser-
vation planning, a field of conservation biology that deals with conservation priori-
tization taking in account multiple factors, and in which we can define and revise
pre-established criteria and goals (Margules and Pressey 2000; Ball et al. 2009;
Moilanen et al. 2009; Kukkala and Moilanen 2013).

In chapter “Representing Hotspots of Evolutionary History in Systematic
Conservation Planning for European Mammals” Arponen and Zupan use the
Zonation software for spatial prioritization to prioritize areas for conservation of the
evolutionary history of mammals in Europe. With an analysis at continental and at
the scale of each European country, they show that: (a) a strategy focusing only on
species richness would miss some areas with important levels of evolutionary his-
tory, mainly in regions with medium or low values of species richness; (b) the pres-
ent system of protected areas performs worse than random selections for protecting
the evolutionary history of mammals; and (c) a strategy to protect mammals at the
continental scale would be much more effective than separated strategies for each
country, although from a political point of view this last one is likely to be more
feasible.

In the following contribution, Silvano et al. (chapter “Priorities for Conservation
of the Evolutionary History of Amphibians in the Cerrado”) use a Gap Analysis to
evaluate the protection status of 82 anuran species endemic from Brazilian Cerrado
and to define priority areas for their conservation. Their results indicate an alarming
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situation in which 39 (48 %) endemic and restricted range species are completely
unprotected, among them species with very high ED values, and other 43 (52 %) are
gap species with less than 20 % of their targets met. The priority areas for the con-
servation of these species mostly occupy the central portion of the biome, a region
that already suffered major habitat destruction, and are forecast to undergo impor-
tant habitat loss if economic scenario remains unchanged.

The following triad of studies explores the integration of species threat and phy-
logenetic diversity. It starts with the research of May-Collado, Zambrana-Torrelio
and Agnarsson (chapter “Global Spatial Analyses of Phylogenetic Conservation
Priorities for Aquatic Mammals™) dealing with the prioritization of areas for conser-
vation of 127 marine mammals worldwide. Here they use the EDGE (Isaac et al.
2007) and HEDGE (Steel et al. 2007) measures to provide the first spatial analysis
for phylogenetic conservation priorities incorporating threat information at global
scale. By assessing conservation under “pessimistic” and “optimistic” [UCN extinc-
tion scenarios they show how fragile is the world system of protected areas to con-
serve the evolutionary distinctiveness of marine mammals. They identified 22
Conservation PriorityAreas all over the world and showed that only 11.5 % of them
overlap with existing marine protected areas. Their results complete prior findings
on conservation prioritization for marine mammals, providing a helpful tool for the
Conservation of Biological Diversity plan to protect 10 % of world’s marine and
coastal regions by 2020.

In the next contribution, Jessica Schnell and Kamran Safi (chapter
“Metapopulation Capacity Meets Evolutionary Distinctness: Spatial Fragmentation
Complements Phylogenetic Rarity in Prioritization™) design a framework to pre-
dict threat status of Data Deficient and Least Concern species. They propose to
combine evolutionary distinctiveness with metapopulation capacity derived from
habitat isolation. Here they apply this framework to terrestrial mammals endemic
of oceanic islands worldwide, and show that balancing between extinction risks
associated to island’s isolation and potential loss of evolutionarily unique species
can be very useful to characterize conservation status of island endemic species.
Based on it they show that islands such as Guadalcanal, Isle of Pines, Madagascar
and Nggela Sule are very representative for reducing the extinction of mammals
with high ED values.

In chapter “Patterns of Species, Phylogenetic and Mimicry Diversity of Clearwing
Butterflies in the Neotropics”, Chazot et al. explore the patterns of distribution of
several features of diversity of three genera of ithomiine butterflies in Neotropical
Region. Ithomiine display Miillerian mimetism and numerically dominate many
butterfly assemblages across the Neotropics, probably conditioning the distribution
of other species that interact with them in positive or negative way. So, the loss of
ithomiine species in local assemblages may strongly influence the vulnerability of
butterfly assemblages. Here they show that, on the one hand, the pattern of distribu-
tion of phylogenetic diversity, species richness, and mimicry diversity are highly
congruent within genera, and, in a lesser extent, across genera. On the other hand,
the potential loss of species due to disruption of mimicry rings, as captured by a
measure of vulnerability designed in this study, are not evenly distributed across
genera presenting peaks in areas completely distinct of those observed to the other
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features. This is a good example of the “agony of choice” of Vane-Wright et al.
(1991) illustrating the difficulty of finding an optimal solution in situations in which
several parameters account for the existing biodiversity.

We close this section with a note of optimism. The analysis of Soulebeau et al.
(chapter “Conservation of Phylogenetic Diversity in Madagascar’s Largest Endemic
Plant Family, Sarcolaenaceae”) shows that the system of protected areas of
Madagascar is likely to protect all lineages and 97 % of the phylogenetic diversity
of Sarcolaenaceae, the largest endemic plant family of this island. This result is
particularly important because neither Sarcolaenaceae nor phylogenetic diversity
were specifically considered in the conception or in the recent expansion of
Madagascar’s network of protected area (Kremen et al. 2008), showing that a large
system of protected area may capture much more biodiversity components and fea-
tures than originally expected.

For concluding, in the last chapter we — Roseli Pellens, Dan Faith and Philippe
Grandcolas — describe the recent transformations of phylogenetic systematics in the
light of new facilities of molecular sequencing and data analysis, and discuss its
impacts in biological conservation. We finish by exploring the possibility of defin-
ing “planetary boundaries” for biodiversity on the basis of phylogenetic diversity,
and its important role in linking biodiversity into broader societal perspectives and
needs.

Open Access This chapter is distributed under the terms of the Creative Commons Attribution
Noncommercial License, which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.
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The Value of Phylogenetic Diversity
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Abstract This chapter explores the idea that phylogenetic diversity plays a unique
role in underpinning conservation endeavour. The conservation of biodiversity is
suffering from a rapid, unguided proliferation of metrics. Confusion is caused by
the wide variety of contexts in which we make use of the idea of biodiversity.
Characterisations of biodiversity range from all-variety-at-all-levels down to variety
with respect to single variables relevant to very specific conservation contexts.
Accepting biodiversity as the sum of a large number of individual measures results
in an empirically intractable framework. However, large-scale decisions cannot be
based on biodiversity variables inferred from local conservation imperatives because
the variables relevant to the many systems being compared would be incommensu-
rate with one another. We therefore need some general conception of biodiversity
that would make tractable such large-scale environmental decision-marking. We
categorise the large array of strategies for the measurement of biodiversity into four
broad groups for consideration as general measures of biodiversity. We compare
common moral justifications for the conservation of biodiversity and conclude that
some form of instrumental value is the most plausible justification for biodiversity
conservation. Although this is often interpreted as a reliance on option value, we opt
for a broadly consequentialist characterisation of biodiversity conservation. We
conclude that the best justified general measure of biodiversity will be some form of
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Introduction

It is not surprising that there is a bewildering array of tools available to those who
would measure biodiversity. There are of course countless respects in which organ-
isms and ecosystems vary. More importantly, there are many types of scientific
projects which exploit different aspects of biodiversity. In What is biodiversity?
(2008) Maclaurin and Sterelny argue that, although it began as an idea primarily of
interest to conservation biologists, there are now many areas of the life sciences in
which biodiversity plays an ontological, explanatory or predictive role.

Moreover, within conservation biology the role of biodiversity has become com-
plex. When biodiversity was first envisaged in the 1980s it was intended as a new
organising principle for conservation. In many respects it was to be a replacement
for the old idea that conservation was fundamentally about preserving species and
the even older idea that it is essentially about preserving wilderness (Nash 1990).
But alongside this idea of biodiversity as an overarching goal of conservation, our
new understanding of the effects of diversity on ecology, genetics, and morphology
allows us to harness particular aspects of biodiversity to achieve specific conserva-
tion goals. So now biodiversity takes its place both as a goal for policymakers and
as a tool for conservation biologists. In both contexts, biodiversity is difficult to
measure. For this reason, much of the growth in biodiversity metrics has been in the
development of new and more effective biodiversity surrogates.

In this complex theoretical and methodological landscape, is phylogenetic diver-
sity just one more tool to be used as and when appropriate? In this chapter, we focus
on conservation biology and argue that phylogenetic diversity plays a unique role in
underpinning conservation endeavour.

In the first section we argue that the conservation of biodiversity is suffering
from a rapid, unguided proliferation of metrics. These various measures will be
categorized by what they aim to pick out and preserve. We then scrutinise the justi-
fication for various types of measures as fundamental principles underpinning
large-scale conservation (we explain why ‘large-scale in the next section) and argue
that this role is best performed by phylogenetic diversity.

A Maze of Measures

Our current understanding of biodiversity is a mess. It is a fortunate, productive, and
useful mess but a mess none the less. This can be traced to the lack of a guiding set
of standards from which to assess the value of proposed biodiversity measures.
Although measures are tested, the testing has often been piecemeal across conserva-
tion biology and related disciplines leading to conflicts over whether a metric has
been proved. An example is the debate between Ross Crozier et al. (2005) and Dan
Faith and Andrew Baker (2006) over assessing conservation schemes which use
phylogenetic diversity for data sets that include systematized taxa without
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phylogenies. While Crozier et al. claim that this study is a “proof of concept”, what
they take to be an examination of phylogenetic diversity’s applicability to conserva-
tion projects in the field, Faith and Baker claim that such examinations were already
conducted a decade ago! The lack of a guiding set of standards has resulted in dif-
ficulty compiling and comparing measurement procedures in an environment in
which new measures are proliferating. It is noted that “in the last decade more than
two measures of Phylogenetic Diversity or Functional Diversity were proposed,
each year!” (Cianciaruso 2011). This has resulted in measurement options for bio-
diversity increasing without a clear way of choosing between them. This prolifera-
tion of varied, uncategorized measures is referred to by Faith and Baker as the
“curse of biodiversity informatics” or “bio-miss-informatics” (Faith and Baker
20006).

The proposed measures of biodiversity are of course, not limited to phylogenetic
diversity. There are measures aimed at describing biodiversity using many different
accounts of functions, abundance measures, ecosystem services, and hybrids of all
of the above. The description of these measures is inconsistent throughout biology
because; “The vocabulary used to classify indices is continuously evolving and dif-
fers between evolutionary and ecological studies, leading to potential confusion
when a term is employed without a clear definition or reference” (Pavoine and
Bonsall 2011). Biodiversity particularly suffers from ambiguity regarding biologi-
cal features scientists and policymakers are referring to when they say an ecosystem
has high biodiversity.

Individuals and groups have tried to build consensus around which features are
worthy of measurement. One recent attempt to collect an index of measures that are
fundamental to biodiversity notes that; “a key obstacle is the lack of consensus
about what to monitor” (Pereira et al. 2013, p. 277). The authors propose a set of
“Essential Variables of Biodiversity”. These include:

* Genetic composition e.g. allelic diversity

* Species populations e.g. Abundances and distributions
* Species traits e.g. phenology

e Community composition e.g. taxonomic diversity

e Ecosystem structure e.g. habitat structure

* Ecosystem function e.g. nutrient retention

Each of these “variables” can be measured using multiple (sub-) variables. For
example ecosystem function in their account includes nutrient retention in a com-
munity. This would include the cycling of Nitrogen, Carbon, and Phosphorous
through a community, amongst other important nutrients. Biological features such
as species traits not only need to be individuated but there are also numerous differ-
ent mathematical measures for that trait description to decide between. All these
variables, their sub-variables, and the different measurement procedures for the sub-
variables are understood as actual measures of biodiversity (although for any real
ecosystem the majority of these variables will be unanalysed). To what then do we
refer when we talk of biodiversity as a conservation goal? According to these
authors, we refer to the sum of all these ‘essential” aspects of biological diversity.
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This permissive and conciliatory view of biodiversity, while at first seeming
attractive, is problematic as a guide to conservation. Accepting biodiversity as the
sum of a large number of individual measures results in an empirically intractable
framework. Large-scale conservation requires prioritisation of effort and resources
across disparate ecosystems. The many available biodiversity measures make such
decisions difficult. In all ecosystems there will be incompletely analysed variables.
So either policymakers and conservationists accept that many assessments of biodi-
versity are incommensurate with one another or they must subscribe to schemes for
weighting the various measures. In practice, the relative weighting of the many
variables will often be treated as equal but there is an open question as to whether
we should treat each variable as equal. Should ecosystem biomass be treated as
equally important as plant trait disparity? If not then we will have to agree on a
seemingly arbitrary rubric of relative weights for the various features being mea-
sured. In short, the retention of such a large swath of essential measures creates
problems for the practice of conservation.

We accept that the many measures representing the diversity of biological sys-
tems can be relevant to particular contexts in conservation and their accuracy and
utility can be assessed through experimentation or modelling (Pereira et al. criti-
cally assess measures through their “scalability, temporal sensitivity, feasibility, and
relevance”, p. 277). But as a whole, the use of biodiversity as a foundational tool in
conservation biology suffers from a glut of information that is hard to integrate in a
useable way. Those who agree with Michael Soulé’s (1985, p. 727) well-worn
description of conservation biology as a crisis discipline, are likely to think such
confusion can only get in the way of efficient decision-making. Biodiversity should
be a useful concept across disciplines and sites.

Local conservation imperatives often point to particular biodiversity variables to
which we should pay attention, e.g. focus on genetic diversity is crucial in trying to
bring a single species back from the brink of extinction. However, not all conserva-
tion is local. Governments and NGOs must prioritise conservation strategies applied
to different ecosystems and applied at different scales, e.g. governments must weigh
the conservation value of: conserving endangered species, developing national
parks, regulating fisheries, and decreasing carbon emissions.! Such large-scale deci-
sions cannot be based on biodiversity variables inferred from local conservation
imperatives because the variables relevant to the many systems being compared
would be incommensurate with one another. For the reasons noted above, it is
impractical to interpret biodiversity in such large-scale contexts as the sum of all the
biodiversity variables of all the systems being compared. We therefore need some
general or fundamental conception of biodiversity that would make tractable such
large-scale environmental decision-marking. In what follows, we shall refer to this
as a general measure of biodiversity.

'Of course some of these are not purely conservation decisions, but all rest to some important
extent upon judgements about the value of natural systems.
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One of Many Biodiversities

In thinking about large-scale differences in biodiversity, we often employ a concept
of biodiversity which is very broad. Sarkar et al. claim biodiversity is “diversity at
every level of taxonomic, structural, and functional organization of life” (Sarkar
et al. 2006). The Convention on Biological Diversity (CBD) proposes that biodiver-
sity is “diversity within species, between species, and of ecosystems” (CBD 1992).
According to such definitions, any mathematical measure that categorizes biologi-
cal difference and preferentially organizes that difference is a measure of biodiver-
sity (including many unimportant and unused metrics e.g. diversity of spottiness as
quantified by the number of non-contiguous circular patterns averaged over the
members of a species).

This broad characterisation of biodiversity has permitted a range of targets of
measurement such as species richness, species diversity, ecosystem function, spe-
cies function, population relations, ecosystem diversity, biomass, genetic diversity,
phylogenetic diversity, and many more. In what follows we collect these measures
into broad categories and assess each as the basis for a general measure of biodiver-
sity. We begin by tackling a couple of red herrings.

Measures We Rule Out

A general measure of biodiversity must be capable of guiding large-scale and long-
term conservation effort. We think this rules out two types of biodiversity measures:
biodiversity surrogates and measures based on ecosystem services. Both are, of
course, important tools in conservation, but for the reasons set out below, they can-
not underpin a general measure of biodiversity.

Surrogates of Biodiversity

As noted above, most of the growth in biodiversity metrics has been in the develop-
ment of new surrogates for biodiversity, i.e. measures of features whose presence is
correlated with high biodiversity. If biodiversity measurement is to succeed as a
large-scale goal of conservation, then we must be able to assess the success of bio-
diversity surrogates and we can only do that if we understand what it is that these
metrics are surrogates for. Sarkar et al. (2006) argue that “general biodiversity is too
diffuse a term to be precisely defined”. The best we can do is to agree to “some
convention or consensus about what constitutes the relevant features of biodiversity
in a given context”. We think this ‘nothing but surrogates’ view of biodiversity mea-
surement, in effect, risks giving up on the idea of biodiversity as an overarching goal
for conservation. Crucially this convention-based view on how we should
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characterise biodiversity appears not to rest on underlying principles for the assess-
ment of the conventions underpinning such a consensus on biodiversity
measurement.

On our view, a general measure of biodiversity must be definable (or at least
capable of clear characterisation) and it must be a feature of biological systems that
we can practically assess across clades and ecosystems. This is essential if such a
measure is to assist us in forging large-scale conservation policy. Moreover, it must
not itself be a surrogate for some further more basic characteristic of living systems
that can also be measured across clades and ecosystems.

Anthropogenic Variables

The idea of ecosystem services as a foundation for a general measure of biodiversity
is fraught with difficulty. This is partly because the whole idea of ecosystem ser-
vices is at best very open ended. The Millennium Ecosystem Assessment report
(2005) defines ecosystem services as “benefits people obtain from ecosystems”.
Despite gallant attempts to assess the global value of ecosystem services in dollar
terms (e.g. Costanza et al. 1997), many of the psychological and social benefits are
difficult to measure even at small scales and, as a group, the benefits people obtain
from ecosystems seem incommensurate with one another (Boyd and Banzhaf 2007).
Moreover, while ecosystem services are usually interpreted as inventories of current
benefits to humanity, conservation is inherently forward-looking and it is even more
difficult to accurately assess the benefits that species and ecosystems will provide to
our descendants. Indeed, even if we could agree on a reliable set of measures and
agree on a way to aggregate them, many environmental ethicists and many members
of the public would balk at the idea that only human interests need be taken into
account in conservation decision-making (see for example Stone 1972). So although
ecosystem services are an important driver of conservation effort, we think this tool
is too limited to form a plausible basis for a general measure of biodiversity.

The idea of biodiversity should capture the diverse features of life not the diverse
interests of people. While we grant to Reyes et al. (2012) that there is ‘functional
overlap’ between these two features of biological systems we agree with Faith
(2012) that ecosystem services and biodiversity are distinct. It is in the interests of
humanity to preserve biodiversity, but this fact does not warrant defining biodiver-
sity in terms of current human needs and interests. Moreover, there is practical util-
ity in keeping these ideas separate. Differentiating between ecosystem services and
biodiversity has allowed research into whether these features co-vary and what bio-
diversity targets yield ecosystem services (Benayas et al. 2009; Mace et al. 2012;
Worm et al. 2006). In certain cases we may want to prioritize the maintenance or
reinstatement of ecosystem services. Differentiating the services from the diversity
serves to distinguish such conservation that focuses squarely on the economic and
social needs of human populations.



The Value of Phylogenetic Diversity 25
The Main Candidates

As noted in the previous section, current broad characterisations of biodiversity
permit a range of targets of measurement including species richness, species diver-
sity, ecosystem function, species function, population relations, ecosystem diver-
sity, biomass, genetic diversity, phylogenetic diversity, and many more. In this
section, for the sake of manageability, we categorise that large array of strategies
into four broad groups for consideration as general measures of biodiversity.

Species Diversity and Species Richness

Species diversity is an intuitively simple concept that has yielded numerous math-
ematical explications combining species richness, the number of species in an area,
species evenness, and the relative abundance of species (see Maurer and MacGill
2011). Species richness is extremely common as a measure of biodiversity, partly
due to its relative ease of discovery. It is a key variable from which many diversity
metrics are constructed influencing the output of species diversity, functional,
genetic, and phylogenetic measures. It is, in many contexts, a good indicator of
biodiversity. Holmes Rolston goes as far to claim that species richness is biodiver-
sity as “(s)pecies are a more evident, mid-range, natural kind” as opposed to other
proposed units of biodiversity like genetic diversity or ecosystem diversity (p. 402,
Rolston 2001).

Species richness is usually supplemented with other information as just counting
the species present gives limited insight into the dynamics of an assemblage. Often
species richness is combined with species evenness to create many of the common
species diversity measures.? This is based on the idea that, given a species richness
in an area, species diversity increases when the populations have more even abun-
dances and vice versa. Information theory has provided the most common indices
of species diversity, the Shannon evenness and the Simpson evenness indices. Other
measures include: Hill’s Indices, Hurlbert’s “Interspecific encounter Index”, Rao’s
“Quadratic Entropy” Index, and Fager’s Indices (See Justus 2011; Maurer and
Macgill 2011).

While there is a range of ways that species diversity is calculated there is one
feature common to these measures. Measures of species richness and diversity are
blind to each individual species’ identity. No species is treated as being more valu-
able to than any other. This assumption is directly rejected by measures that priori-
tize species by any of their individual features including morphology, genetics, or

phylogeny.

2For a sceptical take on the success of such measures see Justus (2011).
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Function and Morphology

Functional diversity, as it is commonly used, is a subset of trait diversity. Functional
traits are commonly morphological traits differentiated by the effects the trait has on
an ecosystem (Petchey and Gaston 2006). Some ecologists have rejected the need to
associate ‘functional’ traits to ecosystem effects and treat function diversity as a
synonym of morphology. Evan Weiher (2011) in his summary of functional diver-
sity measures states, “Some have suggested the term ‘functional diversity’ be
restricted to measures of trait diversity that affect the functions of ecosystems
(Tilman et al. 2001; Petchey and Gaston 2006). We should be wary of unnecessarily
restrictive definitions for terms that are conceptual, general, or useful” (pg. 175). He
further notes that general morphological trait space can be differentiated without
reference to a schematic for differentiating traits. The dizzying range of mathemati-
cal measures for dividing morphological space include: distance measures, dendro-
gram-based measures, variance-based measures including abundances, trait
evenness, convex hull mathematics to measure trait volume, and graph theory (See
Weiher 2011).

Genetic Diversity

Genetic diversity is considered by many to be the lowest level of a nested hierarchy
of diversity comprising of genetic diversity, species diversity, and community diver-
sity (Culver et al. 2011). Culver et al. suggest that genetic variation is “the essence
of all biodiversity” (p. 208). Genetic barcoding of populations has become increas-
ingly common due to the efficiency of new sampling techniques and the increase in
computational power. Clearly, there will in the future be more genetic information
available to researchers that will aid, not just our understanding of genetic differ-
ence, but also our assessments of other forms of diversity such as species diversity
and phylogenetic diversity. Despite its clear practical importance, it is implausible
that genetic diversity should underpin a general measure of biodiversity. This is
partly because genes vary greatly in their effects so that the amount of raw genetic
difference between two populations tells you relatively little about the extent to
which they differ functionally and ecologically. It is also partly due to the undoubted
importance of non-genetic factors in both ecology and evolution (Laland et al. 1999;
West-Eberhard 2003; Jablonka and Lamb 2005).

Phylogenetics and Phylogenetic Diversity

Phylogenetic inference recreates the branching structure of evolutionary relation-
ships between species via cladistic analysis from molecular and morphological data
in the form of discrete character states or distance matrices of pairwise
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dissimilarities (Vandamme 2009). The computational models used differ both in
methodology and epistemological grounding; prominent methods include Maximum
Parsimony, Maximum Likelihood, and Bayesian Methodologies. Phylogenetic dis-
tance measures aim to quantify the relatedness of groups of species. As the phylo-
genetic tree represents the evolutionary relations between species it can also be used
to calculate how distinct these species are relative to the tree in which they are
nested. Methods differ in the way they characterize distance and uniqueness. Some
do it in terms of speciation events and others in terms of change in genomes between
species. Following Velland et al. (2011), we distinguish two types of fundamentally
different measures of phylogenetic diversity (p. 196):

Node-based trees represent only topology. They are based only on information
about speciation events and so we can infer from them only facts about related-
ness. Such measures include: Taxonomic Distinctness (Vane-Wright et al. 1991)
and Species Originality (Nixon and Wheeler 1992).

Distance-based trees include topological information as well as branch length.
Branch length either represents the accumulation of evolutionary change or alter-
natively the passage of time. Such measures include: PD (Faith 1992, 1994);
Originality of Species within a Set (Pavoine et al. 2005); Pendant Edge?® (Altschul
and Lipman 1990) and Species Evolutionary History (Redding and Mooers
2006).

Both groups of methods represent speciation and its creation of distinct evolution-
ary trajectories and both provide, with varying degrees of success, a means to priori-
tize the conservation of phylogeny and therefore of species that are particularly
distinct in their features and history.

The Roles of Phylogenetic Diversity

Although the role of phylogenetic diversity in conservation biology is open-ended,
extant uses can be categorised into three distinct groups.

(i) Phylogenetic Diversity as a tool for prediction and explanation

Conservation is only possible when we have a good understanding of the
dynamics of communities and ecosystems. Although we often think of this in
ecological terms, evolution is an important contributing factor. In such contexts
the measurement of phylogenetic diversity can help us distinguish these com-
ponent forces at work. For example, all else being equal, we expect species that
are closely related to be both morphologically similar and similar in the func-
tional roles that they play in the ecosystems in which they are found. So we can
use phylogenetic diversity to predict functional similarity. Such studies allow

3Note “Pendant Edge” is a recent name (e.g. Redding, and Mooers 2006; Vellend et al. 2011) given
to the idea introduced but not named in Altschul and Lipman’s original very brief discussion note.
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(ii)

(iii)
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us to detect cases that stand in need of special explanation. These are cases
where functional diversity is either higher (over-dispersion) or lower (func-
tional diversity deficit) than expected (see for example Webb et al. 2002). The
appropriateness of particular metrics will depend upon the explanatory or pre-
dictive target, although we note that common metrics show strong correlation
with one another in many circumstances (Vellend et al. 2011, p. 207).
Phylogenetic diversity as a surrogate

Phylogenetic diversity has been employed as a surrogate for a wide variety
of valuable features of ecological communities and ecosystems. For example,
Srivastava et al. (2012) argue that phylogeny largely determines interactions
among species, and so could help predict the cascade of extinctions through
ecological networks and hence the way in which those extinctions impact
ecosystem function. So, on this account, phylogenetic diversity is at least a
surrogate for ecosystem function.

Forest et al. (2007) find a stronger correlation between phylogenetic diver-
sity and feature diversity than between species diversity and feature diversity.
So they recommend that we employ phylogenetic diversity, rather than species
diversity, as a surrogate for feature diversity. Faith et al. (2010) argue that we
should recognise phylogenetic diversity as a surrogate for features of value to
human well-being:

We argue that an evolutionary perspective is essential for developing a better under-
standing of the links between biodiversity and human well-being. We outline the ser-
vices provided by evolutionary processes, and propose a new term, ‘evosystem
services’, to refer to these many connections to humans. (Faith D.P. et al. 2010, p. 66)

Phylogenetic diversity as a conservation goal

The third context in which one might employ phylogenetic diversity is as a
goal of conservation. There are certainly examples of phylogenetically orien-
tated conservation. The Edge of Existence Programme (www.edgeofexistence.
org), run by the Zoological Society of London, focuses explicitly on the con-
servation of species that are endangered and phylogenetically distinct. There
are many other conservation programmes that take phylogenetic diversity into
account (e.g. WWF’s Global 200). That said, phylogenetic diversity is not as
widely used in conservation as it might be (Winter et al. 2012, p. 1). This is
partly for methodological reasons:

Phylogenetic diversity has long been incorporated in planning tools, but it has not yet
had much impact on conservation planning. Applications face limitations of available
data on phylogenetic pattern. (Sarkar et al. 2006)

It is also partly due to scepticism about the correlations claimed above:

In our opinion, the justification for preserving phylogenetic diversity as a proxy for
functional diversity or evolutionary potential has so far largely failed. Our current
knowledge of the benefits to the (future) functioning of ecosystems and securing evo-
lutionary potential remains equivocal. (Winter et al. 2012, p. 4)

Clearly there is limited employment of phylogenetic diversity as goal for
large-scale conservation decision-making. There is also some skepticism about
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our empirical and philosophical justification for such uses. In the final section
of this chapter it is this question about justification to which we turn.

Moral Justifications for a General Measure of Biodiversity?

We have argued that large-scale conservation decision-making would benefit from
agreement on a general measure of biodiversity, one that is not tied to particular
projects or contexts. We have set out a group of broad categories of measurement
strategies with the aim of determining whether one of these might furnish an appro-
priate general measure. In this section, we set out a similarly broad brush taxonomy
of philosophical justifications for the conservation of biodiversity with the aim of
determining whether any of those available might provide a justification for conser-
vation based on a general measure of biodiversity and hence might provide us with
a basis for inference about the nature of such a general measure. We will argue that
the best justification is one that respects the plurality of human and non-human
interests in biodiversity as well as uncertainty about how best to secure those inter-
ests and about future changes both in the environment and in human affairs.

Philosophical justifications for the conservation of biodiversity come in many
forms but all such arguments fall into one of four categories.

Intrinsic Value

The idea that biodiversity has intrinsic value is enshrined in the Convention on
Biodiversity. It is also a central tenet of deep ecology (Naess 1986). Despite its com-
mon currency, intrinsic value is capable of multiple interpretations which causes
considerable confusion in moral reasoning (O’Neill 1992 p. 119). At least two inter-
pretations are plausible in the current context.

One is the idea that biodiversity has intrinsic value in the sense that it has value
over and above its instrumental value. This interpretation is further dependent on
what we count as ‘instrumental’. If we tie instrumental value to narrow economic
purposes, then there seems to be considerable non-instrumental value in biodiver-
sity. If we tie it to a broader set of psychological benefits (provided by recreation,
aesthetic appreciation etc.) then the domain of non-instrumental value seems cor-
respondingly smaller and more difficult to characterise.

A second interpretation is that biodiversity has intrinsic value in the sense that it
is valuable independently of the valuations of valuers. It does after all seem that the
biosphere would remain a locus of value even if some selective extinction event
caused the demise of humanity or even the extirpation of all species capable of rea-
soning about value. But value in this sense seems almost impossible to quantify
precisely because it cannot be tied to evaluative judgements made by economic
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actors or by environmental stakeholders. The best we seem to be able to say is that
some people, when asked, assent to the existence of such value.

Intrinsic value is controversial as a justification for the conservation of biodiver-
sity for two reasons. Firstly, there is philosophical controversy about whether such
forms of value exist (Norton 1984, p. 145). Secondly, as it is independent of human
projects and human values, it is unclear how it should be measured and hence, how
it should be conserved. There seems no way in principle of choosing between vari-
ety of ecosystems, variety of species, variety of form and function or variety in
genetic make-up etc. as loci for biodiversity’s intrinsic value. On the other hand, if
intrinsic value is only a justification for the conservation of biodiversity in the very
broad sense (set out at the end of section “Measures we rule out™), that will leave us
no further along the path in the project of understanding or employing a practical
general measure of biodiversity.

Human Emotional Responses to the Natural World

It is also claimed that biodiversity is valuable because the psychological makeup of
human beings causes them to feel an intimate connection with the natural world
which might be expressed variously in emotions such as love of, or respect for,
nature. The idea that such emotional responses are a result of our evolved psychol-
ogy was promoted by Wilson (1984) and Kellert and Wilson (1993). We note that
the so-called Biophilia Hypothesis has received limited support in the literature
(Simaika and Samways 2010 p. 903), but let us assume for the moment that we do
share a common innate love of nature.

There are two important problems with grounding conservation in common emo-
tional responses. Firstly, such responses are not always reliable guides to rational
action. There is after all some fundamental fact about human beings that also causes
them to see cigarettes as valuable. We don’t think that this implies that we should
‘conserve’ cigarettes, because we don’t think that this common emotional response
is adaptive. Human beings feel positively disposed toward all sorts of things that are
not actually good for us. But if we must then judge the adaptiveness of our feelings
toward biodiversity, it seems that conservation justified thereby would not be a con-
sequence of our feelings towards biodiversity, but rather of the utility of biodiversity
to human populations (to which we turn shortly). Secondly, people clearly differ a
great deal in the extent to which they feel positive emotions toward biodiversity
(Einarsson 1993). If a general measure of biodiversity is to be inferred from
emotional responses to biodiversity, then it seems that we will either have to dis-
count the responses of outliers or average across a relatively large range of responses.

Finally, this style of justification for conservation suffers from the same prob-
lems as conservation based on intrinsic value. Even if it were true that almost every-
one attached the same equally strong positive emotion to the conservation of the
biosphere, it is hard to see how we could turn universal love of nature into a practi-
cally applicable general measure of biodiversity. For these reasons, we think it
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implausible that common emotional responses to nature will justify general mea-
sure of biodiversity.

Instrumental Value

The benefits conferred by biodiversity on humanity (and indeed on other species)
are themselves diverse (aesthetic, ecological, economic, epistemic etc.). Moreover,
as Elliott Sober (1986) so eloquently points out, species differ a great deal in their
apparent instrumental value. The great majority of species have small geographic
ranges, do not perform unique ecological functions within their ecosystems and are
not currently of important economic or psychological value to human populations.
So Sober asks whether these facts justify the ‘rational attrition’ of species whose
instrumental value is very small or unknown. This question about whether we
should conserve ‘unremarkable species’ is closely related to the question of whether
we should employ a general measure of biodiversity which would see us conserve
species and ecosystems over and above those currently known to be of important
instrumental value.

The strongest reason for conservation based on a general measure of biodiversity
is that preferences or circumstances are likely to change so as to make valuable
some proportion of the species in question. It is true that we have at times been
overenthusiastic in our predictions about the possible future value of biodiversity
such as the claims about the future value of bioprospecting in the Convention on
Biodiversity (for more detail, see Maclaurin and Sterelny 2008, pp. 164-7). It is also
true that a great deal of economic value resides in ecosystems that have low diver-
sity, viz farms. That said, there has been huge growth in our appreciation for, and
enjoyment of, natural variety through ecotourism, national parks, eco-sanctuaries
etc. As noted in section “Measures we rule out”, there is also evidence that biodiver-
sity is correlated with a wide range of ecosystem services. Furthermore, we should
be careful not to base our predictions about future value on current categories. Just
as ecotourism and bioprospecting are relatively recent ideas, we may in future dis-
cover new types of endeavour which place the value of extant species in a new light.
In short, there is a prima facie reason for conservation based on a general measure
of biodiversity, namely that we hedge our bets against an uncertain future. This idea
was originally proposed by McNeely et al. (1990) as an instance of option value,*
but the use of option value in this context has been controversial. Option value is an
idea imported from economics. It is essentially a willingness-to-pay measure—the
additional amount a person would pay for some amenity over and above its current
value in consumption to maintain the option of having that amenity available for the
future (van Kooten and Bulte 2000, p. 295). Although one of us has previously

“This idea has been championed particularly by Dan Faith. For excellent discussions of the option
value represented by biodiversity see Faith (1992, 1994, 2013).
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expressed enthusiasm for the option value idea (Maclaurin and Sterelny 2008, sec-
tion 8.4) we now think that the answer lies elsewhere.

The crucial problem with option value is that it ties the value of biodiversity to
judgements about value made by ordinary people (consumers in the economist’s
terms). Clearly actual assessments of such option value will be difficult (Norton
1988). Even if we could assess such judgements, human beings are not good at
reasoning about risk and they have limited biological knowledge. So it might be that
people’s actual assessments about the option value in natural systems would be very
poor guides to the likely effects of conservation on future human communities or on
future ecosystems. If we hedge our bets to maximise future outcomes then we
should do so based on our best information about the probability of such outcomes
rather than on the estimates that consumers might make about such outcomes.

In light of these issues, the value of biodiversity is better analysed as an instance
of consequentialism, broadly applied. We should conserve biodiversity, not because
people want to, but because doing so will on average lead to better outcomes for
people and human communities of perhaps more broadly for moral patients (organ-
isms capable of experiencing suffering).’

However, even the consequentialist interpretation faces an important objection
developed at length in chapter 6 of Maier (2012). It might be objected that our
uncertainty about future states of the biosphere and future goals and preferences of
people implies that conservation based on a general measure of biodiversity is as
likely to produce net harm as it is net benefit (after all, the species we are conserving
include many whose effects on human populations are currently unknown).

There are of course instances in which diversity works against us, as when we are
threatened by a diversity of pathogens. That said, ours is an extremely successful
species with an extremely broad niche. We have become adept at harnessing a great
variety of features of the natural world to an astounding variety of ends. The number
of species that pose a serious threat to humanity is a vanishingly small proportion of
the total species count. Moreover, a great number of weeds and pests are not harm-
ful in their native habitat, but only become harmful when that habitat is radically
disturbed or when they are introduced by humans into other ecosystems (Baker
1974).

We therefore think it implausible that conserving unremarkable species will on
average produce more harm than benefit. Put another way—were possible, at the
press of a button, to destroy all those species and biological communities not known
to be of special value to humanity, we think it would be irrational to do so. Humanity
(and perhaps other sufficiently sentient species) would almost certainly be worse
off. So where we cannot assess the likely payoff for conserving an individual unre-
markable species, it is nonetheless rational to assume that that payoff will be posi-
tive. This does not of course tell us anything about how large such a payoff will be
and we acknowledge that there is an interesting and difficult question about weigh-
ing the benefits of such conservation against the opportunity cost of forgoing alter-

3 Although not explicitly consequentialist and still somewhat confusingly called option value, the
approach taken by Faith (2013, p. 72) is similar to the current proposal.
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native projects (e.g. if we used conservation funding to fight diseases or conservation
land to grow more food for burgeoning populations in poor countries). However, we
note that this problem of assessing opportunity costs is a global one, affecting all
aspects of public policy and hence too large a topic to treat here. Our purpose is to
determine how we should in general rank and assess biological systems as candi-
dates for conservation. We leave it to others to determine how what proportion of
total human effort ought to be spent on conservation.

Phylogenetic Diversity as a General Measure of Biodiversity

We have argued that the best general justification for the conservation of biodiver-
sity comes from its instrumental value. We also note that there are many types of
such value and that the consequences of conservation focused on instrumental value
in general are inherently uncertain. The nature and location of aesthetic, recre-
ational, and other cultural values will inevitably be subject to disagreement.
Moreover, we are not in possession of the full facts about the ways in which existing
species and ecosystems can benefit (or harm) us and we know even less about the
effects that conserved species and ecosystems will have on us and our descendants
in the future. Can we harness this uncertainty as a means of developing a general
measure of biodiversity?

We have argued that, leaving aside species whose value is currently well under-
stood e.g. charismatic megafauna, economically important crops etc., we are war-
ranted in spending some amount of time and effort in the large-scale conservation
of biodiversity via some general measure. So we should conserve at least some of
Sober’s unremarkable species on the grounds that they might be valuable in some
respect, but we cannot predict which respect that will be. This implies that a general
measure of biodiversity should not aim at conserving particular features, but rather
at conserving a maximal variety of features.

While it is sensible under some circumstances to measure variety of features or
of functions, characterisation of overall biological diversity (of the sort attempted
by Numerical Taxonomy) fails on philosophical grounds. It is not possible to cap-
ture differences in morphology® across the whole range of biological form because
the idea of the occupation of morphospace makes sense only where we can anchor
the dimensions of some particular morphospace to actual biological characteristics
of closely related species (Maclaurin and Sterelny 2008, p. 15). The idea of a global
morphospace is logically untenable because, as Goodman (1972, p. 437) argues,
similarity and difference only make sense if we have some antecedent means of

®Note that in treating this problem is essentially about morphology, we are running form and func-
tion together. This is because we think that, were we to measure all biological form and all biologi-
cal function, the two groups of characteristics would intersect at the level of physiological traits.
So any attempt to develop an overall measure of functional diversity will face the same problems
that must be overcome in the development of an overall measure of morphological diversity.
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specifying the properties (or in the case of a morphospace, the dimensions) to be
analysed. In taxonomy this almost always results in a focus on homologies. So in
most cases the measurement of actual morphological diversity is best achieved by
anchoring our analysis to actual differences in groups of related species, because
only relatively closely related species differ in ways that make the analysis of mor-
phospace tractable.”

So while broad difference in form and function is what the moral argument tells
us to conserve, it cannot be measured directly in a way that would benefit large-
scale conservation decision-making. Nonetheless, we can develop a general mea-
sure of biodiversity by exploiting the evolutionary processes that cause functional
and morphological divergence within lineages. Both measures of species diversity
and of phylogenetic diversity exploit evolution in just this way. If studies like those
of Forest et al. (2007) are right, a general measure of biodiversity should be based
on phylogenetic diversity, as that will best maximise feature diversity. We therefore
conclude that phylogenetic diversity ought to play a fundamental role in conserva-
tion biology as the foundation of a general measure of biodiversity. That said, we
noted in section “A maze of measures” that there are many measures of phyloge-
netic diversity. If conserving phylogeny is justified as a means of hedging our bets
against uncertainty, this may help us to wrangle the current diversity in measures of
phylogenetic diversity discussed earlier.

Variety in topological measures of phylogenetic diversity reflects the fact that
phylogeny is complex. Species do not always bifurcate cleanly. Lineages reticulate
and so on (Dagan and Martin 2006). Does this imply that, at large scales, phyloge-
netic diversity is undefined? We first note that such difficult cases are the exception
rather than the rule at least across most of the phylogenetic tree. Secondly there are
modifications of standard accounts of phylogenetic diversity designed to account
for such phenomena as polytomies (see for example May 1990). Clearly over-
dispersion studies (see the above discussion of Webb et al. 2002) are at least based
on the assumption that it is possible to make large scale phylogenetic comparisons
between very different systems. We cannot, in principle, construct a theoretical
morphospace that contains humans and fungi and tardigrades, but we can compare
their phylogeny. However, there is an important caveat. Large-scale phylogenetic
diversity is tractable using topological measures of phylogenetic diversity and time-
based distance measures, but it less obviously so for trait-based distance measures
of phylogenetic diversity.

The more we incorporate form and function into a measure of phylogenetic
diversity, the less plausible it is to think that you can compare phylogenetic diversity
in this very rich sense between distantly related clades. Use of distance-based trees
incorporating information about character evolution for such purposes requires the
further assumptions (1) that there is a fact of the matter as to what we should count

7See for example the very wide variety of morphospaces discussed in McGee (1999, 2007).
Indeed, it is notable that discussion of “convergent evolution in theoretical morphospace” (2007,
pp- 90-2) actually focusses on a theoretical morphospace that models diversity in a single clade,
namely the bryozoans (McKinney and Raup 1982).
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as a character and (2) that all characters across all clades are of equal significance or
contribute equally to biodiversity. To make this more concrete, we would have to
assume that there is a fact of the matter as to how many characters contribute to the
evolution of human cognition and that the biodiversity represented by the evolution
of human cognition is of the same magnitude as the evolution of an equivalent num-
ber of characters in some other clade(s) for some other purpose(s).

Conclusion

We have argued that uncertainty about the application of the current maze of mea-
sures of biodiversity results, in part, from uncertainty about our reasons for conserv-
ing biodiversity in general. This is problematic for decisions about large-scale
conservation, particularly where such conservation includes species and ecosystems
whose instrumental value is currently unknown. We have argued that, in such cases,
use of a general measure of biodiversity is justified on the grounds that it will best
hedge our bets against current and future uncertainty about the location of instru-
mental value and the needs and preferences of human populations. If we are right, a
general measure of biodiversity should aim at the maximisation of feature diversity.
The most effective and tractable such measure will be one based on phylogenetic
diversity.
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The PD Phylogenetic Diversity Framework:
Linking Evolutionary History to Feature
Diversity for Biodiversity Conservation

Daniel P. Faith

Abstract Feature diversity refers to the relative number of different features repre-
sented among species or other taxa. As a storehouse of possible future benefits to
people, it is an important focus for biodiversity conservation. The PD phylogenetic
diversity measure provides a way to measure biodiversity at the level of features. PD
assumes an evolutionary model in which shared features are explained by shared
ancestry. This avoids philosophical and practical weaknesses of the conventional
interpretation of biodiversity as based on some measure of pair-wise differences
among taxa. The link to features also provides a family of PD-based calculations
that can be interpreted as if we are counting-up features of taxa. The range of feature
diversity calculations assists comparisons of methods, and helps overcome the cur-
rent lack of review and synthesis of the variety of proposed methods for integrating
evolutionary history into biodiversity conservation. One family of popular indices is
based on the evolutionary distinctiveness (ED) measure. These indices all have the
limitation that complementarity, reflecting degree of phylogenetic overlap among
taxa, is not properly taken into account. Related indices provide priorities or other
scores for geographic areas, but do not effectively combine complementarity, prob-
abilities of extinction, and measures of restricted-range. PD-based measures can
overcome these problems. Applications include the identification of key biodiver-
sity sites of global significance for biodiversity conservation.

Keywords Option value * Endemism ¢ IPBES e Philosophy of science « [IUCN

Introduction

This book addresses important concepts, methods, and applications related to the
increasingly important role of evolutionary history in biodiversity conservation. The
preservation of the rich heritage represented by the evolutionary history of taxa is a
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natural conservation goal (e.g. Mooers and Atkins 2003). This fundamental rela-
tionship between evolutionary history and conservation goals traces back at least to
the TIUCN 1980) proposal that taxonomically distinctive species may deserve greater
conservation priority. Atabout the same time, Soulé (1980), in his book, Conservation
biology: an evolutionary-ecological perspective, articulated a broad evolutionary
perspective for conservation, and argued that “reduction of the biological diversity
of the planet is the most basic issue of our time.”

The term “phylogenetic diversity” is relevant to these biodiversity conservation
perspectives. The term can be traced back to the introduction of the “PD” phyloge-
netic diversity index (Faith 1992a, b, 1994a). PD was designed as a simple measure
of the degree of representation of evolutionary history (by a given set of taxa). Faith
(2002) summarised the basic definition and rationale for PD: “representation of
“evolutionary history” (Faith 1994b) encompassing processes of cladogenesis and
anagenesis is assumed to provide representation of the feature diversity of organ-
isms. Specifically, the phylogenetic diversity (PD) measure estimates the relative
feature diversity of any nominated set of species by the sum of the lengths of all
those phylogenetic branches spanned by the set.”

That summary mentions species, but Faith (1992a, b) in fact applied PD from the
outset not only to phylogenies whose tips were species, but also to phylogenetic
pattern among genetic haplotypes or populations, in order to set spatial priorities to
conserve within species genetic diversity (see also Faith et al. 2009). The common
element across these levels is the inference of underlying diversity, where the units
of variation are features or traits of taxa. This link to “features” reflects the attempt,
through PD calculations, to address a fundamental concern of biodiversity conser-
vation - unknown variation, with unknown future values. Faith (1992a, b) suggested
that the interpretation of phylogenetic diversity as a measure of feature diversity
helps to clarify its link to conservation values: “Diversity is seen as important as the
raw material for adapting to change (McNeely et al. 1990), and so provides what
McNeely et al. (1990) and others call ‘option value’: a safety net of biological diver-
sity for responding to unpredictable events or needs. The diversity of features repre-
sented by a subset of species provides option value in ensuring not only that one or
more members of the subset can adapt to changing conditions, but also that society
may be able to benefit (e.g. economically) from features of these species in response
to future needs.”

Examples of these benefits include many from bioprospecting. For example,
Smith and Wheeler (2006) have used phylogeny to assess potential for new discov-
eries of piscine venoms. Pacharawongsakda et al. (2009) have applied PD to help
find natural products from microbes. Another interesting example is found in the
study of Saslis-Lagoudakisa et al. (2012). Phylogenetically-related plants have
provided a key medical component, discovered independently in the plants found in
three different regions.

This perspective accords well with the IUCN (1980) argument for conservation
of diversity in order to ensure benefits “for present and future use”. Reid and Miller
(1989) echoed these ideas in their early paper, “Keeping options alive: the scientific
basis for conserving biodiversity” (see also Wilson 1992; McNeely 1988; Faith
1992a, b). The Millennium Ecosystem Assessment (MA 2005) summarised this
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general link between biodiversity and option values: “Biodiversity loss is important
in its own right because biodiversity has cultural values, because many people
ascribe intrinsic value to biodiversity, and because it represents unexplored options
for the future (option values)”.

Option value therefore reflects not only the unknown future benefits from known
elements of biodiversity, but also the unknown benefits from unknown elements.
The Millennium Ecosystem Assessment (2005) also called for “a ‘calculus’ of bio-
diversity, so that gains and losses at the level of biodiversity option values can be
quantified”. These ideas are echoed in the conceptual framework for the
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services
(IPBES; UNEP 2013) which says that values “include bequest value — in other
words, the preservation of nature for future generations — or the option values of
biodiversity as areservoir of yet-to-be discovered uses from known and still unknown
species and biological processes, or as a constant source, through evolutionary pro-
cesses, of novel biological solutions to the challenges of a changing environment.”

The PD measure is an attempt to make inferences about “features” as units of
variation, including features that are not yet known to science. Faith (1994a, b)
characterised PD as one case of a general framework for biodiversity assessment
that uses pattern-process models to link objects and lower-level units. In general, the
biodiversity units are the things we would like to count up, and the objects contain
various units. Typically, many units remain unobserved/unknown, and a pattern-
process model defines relationships among the objects, enabling inference of the
relative numbers of units represented by different sets of objects (Faith 1994a, b).
Thus, PD provides the specific case where species (or haplotypes or populations)
are the objects, features are the units, and the pattern-process inferential model is
based on evolutionary processes of cladogenesis and anagenesis, manifested in phy-
logenetic pattern.

The link from phylogeny to feature diversity has supported the wide application
of PD. For example, Huang et al. (2012) advocated the use of PD in conservation
based on their finding that it provides a much stronger link to “trait diversity”, rela-
tive to species. Jono and Pavoine’s (2012) study of threat diversity as a determinant
of the extinction risk in mammals assessed the consequences of species declines
used PD with the rationale that it “is becoming a key criterion in conservation stud-
ies because it can reflect the variety of unique or rare features of a species.”

This rationale has extended to application of PD within ecosystems, where the
conservation/management goals focus on maintaining ecosystem functions and ser-
vices. For example, Cadotte and Davies (2010) argued that “maximizing the
preservation of PD will also tend to maximize the preservation of feature diversity,
including unmeasured, but ecologically important traits” (see also Gravel et al. 2012).

Studies also link PD, feature diversity, and option values. For example, Larsen
et al. (2012) argued that “it is difficult to provide a robust proxy for ‘option value’ —
the potential value to society — as these values are not yet realized”, and concluded
that “a compelling argument can be made that maximizing the retention of phyloge-
netic diversity (PD) should also maximize option value, as well as diversification
and adaptation of the species in a future of climatic change”. The influential study
of Forest et al. (2007) also highlighted the importance of PD as a link to feature
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diversity. They explored PD and option value based on an estimated phylogenetic
tree and the geographic distribution of angiosperm genera found in the Cape hotspot
of South Africa. Forest et al. (2007) concluded that, if we did not know about the
medicinal, food, and other useful features of these plants, then preserving sets of
species with high PD would be a good way to preserve these unknown features and
their associated benefits.

PD now is regarded as “a leading measure in quantifying the biodiversity of a
collection of species” (Bordewich and Semple 2012) and as ‘““a resonant symbol of
the current biodiversity crisis” (Davies and Buckley 2011), with important applica-
tions at both regional/global (e.g. Forest et al. 2007) and within-ecosystem scales
(e.g. Cadotte et al. 2009). At the same time, PD must be acknowledged as just one
of many biodiversity measures that are based on aspects of evolutionary history (see
other chapters in this book). Unfortunately, there is no existing comprehensive
review and synthesis covering all these measures. For example, Diniz Filho et al.
(2013) recently concluded that “we do not even have a comprehensive and integra-
tive approach to using phylogenies in biodiversity conservation.” Similarly, a recent
review of past studies on the topic of evolutionary history and conservation (Winter
et al. 2013) argued that there is little basis for distinguishing among the large num-
ber of existing phylogenetic indices (see also Devictor et al. 2010).

Partly, the existence of a gap in review and synthesis is not surprising; this area
of research is evolving rapidly. The PD measure is applied in various sub-disciplines,
highlighting distinctions between within-ecosystem versus global scales, microbial
versus macrobial, and taxonomic levels ranging from populations to species and
higher taxa (e.g., May-Collado and Agnarsson 2011; Lozupone and Knight 2005;
Jono and Pavoine 2012; Jetz et al. 2014).

The other obstacle to synthesis is that, while some attempts at review and synthe-
sis have been made, most have been incomplete or unsuccessful. Notably, philoso-
phers of science have become keenly interested in the science of phylogeny and
biodiversity conservation, but have not yet shed much light on the problem (for
discussion, see Faith 2013). Philosophers so far largely have focussed on one pos-
sible unifying conceptual model of biodiversity. This model traces back to
Weitzman’s (1992) general framework for biodiversity, based on the idea of objects,
and measures of difference between pairs of objects. The biodiversity of a given set
of objects then is reflected, not in a list of the different objects, but in the amount of
difference represented by the set. Weikard (2002), following Weitzman’s
object-differences framework, argued that “an operational concept of diversity must
rely on some measure of dissimilarity between appropriately defined objects.”
Maclaurin and Sterelny (2008), in their book, “What is biodiversity?”, and Morgan
(2010) also saw this approach as a core framework for characterising biodiversity
(the Lean and Maclaurin chapter “The Value of Phylogenetic Diversity”, also takes
this as their starting point).

This approach assumes that we can decide on the definition of meaningful differ-
ences among the initial objects, and most authors have acknowledged that it is hard
to choose among many possible notions of difference. This has not helped in devel-
oping a synthesis for phylogenetic measures of diversity. Winter et al. (2013) incor-
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rectly interpreted “phylogenetic diversity” as any measure derived from a nominated
between-species phylogenetic distance. Their conclusion, that there is little basis for
distinguishing among different phylogenetic indices, highlighted well the problems
in choosing among different notions of differences. Unfortunately, Winter et al. did
not recognize PD as distinctive in avoiding arbitrary notions of difference, and
instead using a model-based measure of feature diversity and option values.

A more recent study, by Kelly et al. (2014), acknowledged the feature diversity
interpretation of PD, but surprisingly failed to acknowledge its pattern-process
model, in which shared ancestry explains shared features. An implication of that
model, emphasised from the outset, was that PD will fail to account for convergently-
derived features, and that these may be captured by an alternative pattern process
model (see Faith 1992a, b, 1996, 2015). The failure to recognise these key lessons
from the early work left Kelly et al. destined to merely re-discover the already well-
established point that convergences will not be accounted for by PD, rather than
making any real progress towards evaluation and synthesis (and perhaps exploring
the alternative pattern-process model).

Lack of comparisons and synthesis has made it difficult to interpret some other-
wise useful studies. This problem is well illustrated in the recent study by Pio et al.
(2014), where “PD” is used to refer to any diversity measure linked in any way to
phylogeny. They refer to a variety of published studies on the performance of “PD”,
but the reader cannot know when this refers to true PD and when it refers to some
other measure. Pio et al. go on to apply the actual PD method in their analyses, but
without reference to that as the Faith (1992a) PD method.

Beyond the confusion in terms, there remains a genuine need to compare methods
and develop synthesis. The pattern-process model approach that is the basis for PD
can help in two ways. First, we can use the PD family of calculations to better recog-
nise that there are many inter-linked, related, indices (dissimilarity, endemism, etc)
rather than lots of indices that can be called “diversity” measures (for related discus-
sion, see Sarkar 2008). In the next section, I briefly consider the PD’s counting-up of
features as one way to integrate other possible calculations that can be based on those
counts. I then turn to the second way that PD’s pattern-process model can help. Here,
I will evaluate alternative measures, including those outside PD framework, by
examining how well they can be interpreted under the PD features model.

Calculations and Comparisons

Simple Calculations Based on PD

Many possible calculations can be based on counting-up features within the PD
framework. As examples, complementarity, endemism, and dissimilarities between
objects all can be calculated. In principle, every index conventionally defined in
ecology at the species level has its counterpart for other biodiversity units.
Counting-up the total number of features (as units) represented by a set of taxa
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Fig. 1 For each tree, the tick marks correspond to loss in PD if each species from area B is lost.
The tick marks show how much PD is uniquely represented by that area. PD endemism sees the
scenario on the left as implying greater endemism of area B, compared to the scenario on the right.
The W, method cannot distinguish between the two scenarios because it ignores a critical aspect of
phylogenetic context, called complementarity

remains the core measure of “diversity”, but the other calculations capture other
aspects — for example, expected change in biodiversity as a result of extinction.

Useful PD calculations for biodiversity comparisons among geographic locali-
ties include PD-dissimilarities between places or samples (see Lozupone and Knight
2005) and PD-endemism (Faith et al. 2004; illustrated in Fig. 1). Another useful
calculation is “expected PD”, based on estimated probabilities of extinction. Here,
species’ estimated extinction probabilities indicate amounts of “expected PD loss”
(discussed further below; see also Faith 2008, 2013). All these calculations operate
as if we are applying the standard species-based measures at the features level.
Thus, these newer calculations make sense, given the interpretation of PD as count-
ing-up features.

This interpretation has helped to justify other recent proposed extensions of PD.
One important case is the integration of abundance information. Faith and Richards
(2012) noted that a PD-based Hill numbers framework (Chao et al. 2010; see also
Chao et al. chapter “Phylogenetic Diversity Measures and Their Decomposition: A
Framework Based on Hill Numbers”) can be interpreted as an application of the
standard species-level Hill numbers calculation, but with evolutionary features
(as indicated by PD) substituted for species. Thus, the basic PD evolutionary model
provides a simple justification for a phylogenetic measure integrating abundance
information.

Complementarity: A Key PD Attribute

Interpretation of PD as counting-up features extends the fundamental species-level
measure of “complementarity” to the features level. A taxon complements others in
representing additional evolutionary history (Faith 1994a, b), as depicted in the
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branches of the estimated phylogeny. The degree of complementarity reflects the
relative number of additional features contributed by that species. For example,
given some subset of species that are well-protected, and two species in that taxo-
nomic group that are endangered, the priority for conservation investment may
depend on the relative gains in feature diversity (the complementarity values)
expected for each species.

Given the importance of complementarity, particularly when dealing with com-
plex conservation issues, it is worth comparing PD with some published phyloge-
netic calculations. Calculating PD naturally requires that phylogenetic overlap
among taxa be taken into account, so that branches — and corresponding features —
are not multi-counted. Often, when PD is not applied correctly, the result is a mis-
leading multiple-counting of features. For example, Perez-Losada et al. (2002)
incorrectly calculated PD values for sets of freshwater crab species. They simply
added up the PD values for individual taxa to produce the overall score for the set of
taxa. Consequently, their measure, in multi-counting branches, did not correspond
to a valid calculation of PD. Similarly, a study by Vamosi and Wilson (2008), using
the term “EH” to refer to evolutionary history, stated that “the combined EH of all
the angiosperm orders and families was estimated at 35,244 million years by sum-
ming the ages of the separate clades over the angiosperm phylogeny.” Their “com-
bined EH” measure, in multi-counting branches, did not correspond to an estimate
of PD. PD calculations would have better captured their intention to assess loss of
traits/features.

Calculations Using Phylogenetic Distinctiveness Fail
to Integrate Complementarity

More complex calculations have used measures of phylogenetic or taxonomic “dis-
tinctiveness”. These values, calculated for individual taxa, are then to be combined
to score sets of taxa or areas. The problem for all popular variants of this approach —
whether the terminal taxa (or tips for the tree) are individuals, populations, or places,
is that the scores for the taxa do not add up to the proper scores for sets of taxa.

In an early example of such an approach (Lépez-Osorio and Miranda-Esquivel
2010), an area received a score equal simply to the sum of individual scores of
member species. Lépez-Osorio and Miranda-Esquivel (2010) used 50 phylogenies
covering multiple taxonomic groups in the Amazon, and integrated this phyloge-
netic information into conservation priority setting in order to “establish conserva-
tion priorities for Amazonia’s areas of endemism on the basis of measures of
evolutionary distinctiveness”. “Taxonomic rarity” was to be indicated by species
that are members of a small number of groups on the cladogram. Lépez-Osorio and
Miranda-Esquivel (2010) used an approach suggested by Posadas et al. (2001),
which extends the W Index of Vane-Wright et al. (1991). The W index assigns to
each species a value that is inversely related to the count of the number of groups on
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the phylogenetic tree for which the species is a member. Thus, a species that is taxo-
nomically (phylogenetically) distinctive will have a high W value reflecting its rela-
tively few close relatives. The key index derived from W is the W, index (each W
value is divided by the number of areas with that species, yielding W,). An area
receives a score, equal to the sum of the W, values of its species. This is to indicate
a degree of endemism that integrates phylogeny.

Faith et al. (2004) compared those measures to the phylogenetic diversity mea-
sure, PD, and its associated calculations. Faith et al. argued that the W, indices for
areas differ from PD in not considering the degree of phylogenetic overlap/non-
overlap among species (phylogenetic complementarity), and so may fail to effec-
tively represent evolutionary history in priority sets of species or areas. A simple
example of the problem is illustrated in Fig. 1. The W, method cannot distinguish
between the scenarios, yet the PD-endemism value differs for the two.

A family of relatively new measures, while based on PD, also does not fully
account for complementarity. ED (“evolutionary distinctiveness”; Isaac et al. 2007,
see also Collen et al. 2011) divides up the total PD among all species on the given
phylogeny. This provides a fixed score for each species, reflecting its contribution to
the total evolutionary history (PD). A species receives a partial credit for each
ancestral branch. Thus, ED appears to capture the idea of complementarity among
species. However, a key limitation is apparent when species ED scores are com-
bined to provide scores for areas or for sets of priority species. Here, the ED
approach does not take phylogenetic complementarity among the species into
account. For example, consider the phylogenetic tree in Fig. 2. Based on summed
ED scores, we cannot distinguish between an area with four closely related species
and an area with four distantly related species; yet the scenario on the right corre-
sponds to higher PD.

Such limitations may be critical in assessing diversity within communities or
assemblages. In this context, phylogenetic diversity may be predictive of function-
ality or productivity (Cadotte et al. 2009). Dalerum (2013) set out to investigate the
possible correspondence between phylogenetic diversity and functional diversity
for assemblages of large carnivores. While Dalerum referred to “phylogenetic
diversity” and to “PD”, in fact, their study used ED, not PD. Dalerum calculated ED
for each species and then “estimated the ED of each assembly as the sum of the ED
of contributing species.” As the simple example of Fig. 2 shows, this summed ED
score will not correspond to the total PD. Unfortunately, the Dalerum study there-
fore provides little useful evidence for the claimed relationship between phyloge-
netic and functional diversity in assemblages of large terrestrial carnivores.

These same issues arise for regional or global studies. An interesting study by
Daru et al. (2013) on mangroves “identified biogeographic regions that are rela-
tively species-poor but rich in evolutionary history.” While the study presented
results referring to loss of “mangrove phylogenetic diversity”, in fact, the measure
used was based on ED calculations. Daru et al. argued for the significance of the
finding that “areas with a high proportion of species experiencing global declines
correspond to areas of unique evolutionary history” arguing that “the loss of cur-
rently threatened species might still have a disproportionate impact on mangrove
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Fig. 2 Two drawings of a hypothetical phylogenetic tree. For this simple tree, the ED value is the
same for every species. Given the unit length branches, it is 1+%2+%+1/8+1/16=1.94. Dark
branches in each case indicate the PD represented by the species in an area. On the left, the area
has four closely related species and on the right, the area has four distantly related species — and
higher total PD. The PD on the left is 9 units, compared to a much higher PD of 15 on the right

phylogenetic diversity regionally”. This conclusion was based on apparent “overlap
between regions in which species are undergoing declines and regions rich in evo-
lutionarily distinct species.” Unfortunately, their use of a sum of species’ ED values
as the regional indicator of phylogenetic diversity loss provides only weak evidence.
To see this I again consider Fig. 1. For both trees, the sum of the ED values for the
four species found in area B is the same. Thus, ED cannot distinguish between the
large PD loss when the species are phylogenetically clumped, and the smaller PD
loss when the species are phylogenetically dispersed (as in Fig. 1, left). Again, the
PD loss corresponding to an area loss is not well-indicated by total ED, because
phylogenetic complementarity is ignored.

A contrasting study is that of Abelldn et al. (2013), who found that most of the
highly evolutionarily distinct and vulnerable taxa were not covered by any national
parks. Critically, while distinctiveness was noted, their proposed solution was based
on priorities for areas providing increased PD. They concluded that “when addi-
tional conservation areas were selected maximizing the number of unrepresented
species, the variation in PD could be very high, and as a consequence, depending on
the group and the number of areas added, they could preserve much less evolution-
ary history than when they were specifically selected to maximize PD.”

The weakness of summed ED scores resembles the limitations of the Lopez-
Osorio and Miranda-Esquivel method. This kind of problem seems to link to a long-
standing idea that we simply might add up scores for individual taxa, perhaps with
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some distinctiveness “weighting”. For example, Gotelli and Chao (2013), in the
Encyclopedia of Biodiversity, claim that we can calculate “PD” by appropriately
weighting the species and then applying conventional species indices such as rich-
ness: “The concept of traditional diversity can therefore be extended to consider
differences among species.... Differences among species can be based directly on
their evolutionary histories, either in the form of taxonomic classification (referred
to as taxonomic diversity) or phylogeny (referred to as phylogenetic diversity (PD))
... weighting each species by a measure of its ...phylogeny.”

The relationship between ED and PD has been investigated previously for calcu-
lations that use probabilities of extinction. An EDGE score (Isaac et al. 2007) sim-
ply multiplies extinction probability by ED- evolutionary distinctiveness (a score
that gives each species some partial credit for ancestral branches). Naturally, that
arbitrary partial credit and multiplication is not a particularly good way to determine
changing expectations about the diversity that persists as the status of species
changes. Faith (2008) showed how the arbitrary partial credit and multiplication in
EDGE-type methods does not take phylogenetic complementarity into account, and
so will not do a good job in determining conservation priorities delivering high
expected PD. Faith also suggested that such priorities can be set by directly looking
at expected PD gains and losses. May-Collado and Agnarsson (2011) and Kuntner
et al. (2011) also concluded that the PD methods are better in achieving the goal of
phylogeny-based conservation than EDGE.

These results are relevant to an interesting study by Safi et al. (2013), who set out
to “identify regions of the world where priority species are concentrated, much like
the original definition of the biodiversity hotspot.” They identified those regions/
countries having the “highest accumulation of top mammal species ranked in terms
of their EDGE score” and argued that “Conservation resources would therefore be
best allocated among the countries in these regions to protect mammal species with
the highest EDGE scores.”

Unfortunately, this may be a weak guideline for the efficient use of limited con-
servation resources. Their study recalls the issues raised by the use of ED methods
in the Daru et al. study, where a given ED score could correspond either to phyloge-
netically clumped species and a large PD loss (as in Fig. 1, left), or phylogenetically
dispersed species and smaller PD loss (Fig. 1, right). Once again, the potential PD
loss arising from a given area loss is not well-indicated by a summation of ED (or
EDGE values), because phylogenetic complementarity is ignored.

Recent extensions of the ED methods provide some important modifications to
take into account species’ range extent and abundance; however, these interesting
innovations may suffer similar problems to those described above. Cadotte et al.
(2010) introduced one important extension by taking into account numbers of indi-
viduals of a given species in a community or ecosystem. The rationale, analogous to
that of conventional ED, is that individuals differ in their representation of evolu-
tionary history or phylogenetic diversity, and can receive partial “credit” for a given
ancestral branch. Given that PD has been linked to ecosystem functioning (e.g.
Cadotte et al. 2008, 2009), the loss of some individuals (e.g. those from species with
few individuals and uniquely representing some long branches) should set off alarm
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bells if we want to maintain ecosystem functions. Cadotte et al. argue that their
measure “can be used by managers to identify individuals, and by extension species,
whose loss corresponds to the greatest loss of evolutionary information. If, as has
been proposed, evolutionary history captures functional diversity necessary for eco-
system processes and services (e.g. see Cadotte et al. 2008), minimizing this loss of
evolutionary diversity might maximize the preservation of ecosystem function.”

Their basic measure, AEDI, follows the partitioning logic of ED; here, it records
the share of all branches credited to any individual of species i. A problem is that,
when AEDi values are summed over individuals, complementarity once again is
ignored. This implies that the score for a set of individuals (say, those lost under a
nominated management regime) cannot be a reliable indicator of potential PD loss —
yet it is PD that matters, given its link to functions. We can see the problem by
adapting the example of Fig. 1, imagining that the terminal branches represent indi-
viduals. The AED scores for the set of four individuals on the left (marked with B)
is the same as that on the right; yet, the loss of PD feature diversity and perhaps
functional diversity is much greater in the scenario on the left. Consequently, there
seems to be no justification for Cadotte et al.’s claim that AED can be “used by
managers to identify individuals, whose loss corresponds to the greatest loss of
evolutionary information. ... minimizing this loss of evolutionary diversity might
maximize the preservation of ecosystem function.” For a single individual, AEDi
may be a useful index, but if a management strategy potentially impacts numerous
individuals, AED will not provide a good comparative index of PD loss.

A measure similar to AED is the “biogeographically weighted evolutionary dis-
tinctiveness” metric (BED or BEDT; Cadotte and Davies 2010). BED extends ED
by also partitioning the credit among (for example) the grid cells occupied by each
species in a region. In this way, range extent information for species is incorporated
along with phylogenetic distinctiveness. For species i, BEDi is a weighted sum of
the ancestral branch lengths. Each length is weighted by the inverse of the sum, over
all descendent species of the branch, of the number of cells occupied by the descen-
dent species (if each descendent species is found in just one cell, then BEDi is the
ED of species i). The BEDT score for a cell is the sum of the BEDi scores for all
species i found in the cell. Thus, restricted range species that also uniquely represent
deep branches will count a lot in the overall scores for grid cells or other areas.

As an example, in Fig. 3, suppose that we can only protect one area. Which is
best? For the Area (1) in Fig. 3a, the BEDT score is BEDa + BEDb + BEDc +
BEDd. The BED:i for each of these four member species (a, b, ¢, d) is the same, and
is equal to m/1 +L/5. Here, the length L is divided by 5 because a, b, ¢, d, and x each
are found in one area; thus, the sum of the number of cells occupied is 5. The BEDT
score equals 4 times (m/1 +L/5), or 4 m+4(L/5).

For the Area (2) in Fig. 3b, the BEDi for each of the four member species again
is the same, and equal to m/1 +L/5. The length L again is divided by 5 because A
and the four sister species each are found in one area. The BEDT score for Area (2)
is BEDA + BEDB + BEDC + BEDD, or 4 m+4(L/5). BEDT therefore makes no
distinction between the two areas. In contrast, the PD offered by Area (2) is much
greater. Thus, BED fails to detect a huge gain in raw PD (and in restricted range PD)
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Fig. 3 Portions of hypothetical phylogenetic trees occurring in two areas. (a) Area (1)
uniquely has species a, b, ¢, d which are on small branches of length m, and are at the end of a long
branch of length L. Species x is not found in Area (1), but uniquely occurs in some other area. (b)
Area (2) uniquely has species A, B, C, D, which are on small branches of length m, and are at ends
of different long branches of length L. For each member species, four other sister species on small
branches of length m all uniquely occur in some other area

that could be achieved through protection of the area in Fig. 3b. BED (and the
related method of Tucker et al. 2012), is not effective for setting conservation priori-
ties that reflect both phylogenetic diversity and range-restrictedness. I conclude that
there is little justification for Cadotte et al.’s conclusion that “Metrics such as BEDT,
which combines evolutionary diversity and rarity into a single measure of diversity,
may allow a more holistic approach to conservation prioritization.”

I noted above that PD gives priority to Area 2 in Fig. 3b, because it offers almost
4 times as much PD. However, this basic PD calculation does not take range rarity
into account. Weighted PD-endemism or “PE” (the sum of branches represented in
an area, each inverse-weighted by its range, expressed as number of cells; Rosauer
et al. 2009) also gives priority to Area 2, because it scores Area 1 with a PE score of
4 m+L/2, and Area 2 with a higher PE score of 4 m+4(L/2).

PE has an interesting property analogous to ED, in that a given cell receives pro-
portional credit for a branch (analogous to the basic ED score where a species gets
proportional credit for branches). PE performs well in the example above; however,
it shares a weakness of ED, when combined with probabilities and summed-up to
provide overall scores. To see this, I consider a recent study of the phylogeny of
Malagasy lemuriformes (Gudde et al. 2013). This study set out to identify places
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with a concentration of threatened phylogenetic distinctive and rare species. Here,
the PE measure was combined with probabilities of extinction. Their “imperilled
phylogenetic endemism” (IPE) index is the sum over all branches of branch length
times its probability of extinction (product of extinction probabilities of all descen-
dents) times the inverse of its range-extent.

Gudde et al. (2013) claimed to “quantify where on the landscape at-risk evolu-
tionary history is concentrated.” However, their “imperilled phylogenetic ende-
mism” (IPE) index appears to have the weakness that it could highlight places that
have no threatened branches at all. As a revealing example, suppose that area A has
20 species, all of IUCN “least concern” (see [UCN 2006, 2012). Suppose that this
corresponds to a low probability of extinction of 0.025 (for methods and discussion,
see Mooers et al. 2008; Faith and Richards 2012). Each species is found in only ten
areas. Suppose that area B has five species, all [UCN “critically endangered” (prob-
ability of extinction assumed to be a higher 0.4). Each species is found in 50 areas,
but all are found together in this one area. Suppose also that each species is at the
end of a branch of some unit length. Also, for simplicity, I will ignore deeper
branches (assuming that all species have numerous secure sisters).

IPE in this simple case is equal to the product of the number of branches, the
probability of extinction and the inverse of the number of cells containing a given
branch. Application of IPE gives area A the higher priority; the IPE score equals 20
times 0.025 times 1/10 or 0.05. IPE gives area B the lower priority; the IPE score
equals 5 times 0.4 times 1/50 or 0.04. Application of IPE therefore would ignore the
opportunity to save, with a reserve based around area B, five critically endangered
species. Instead, IPE would give preference to an area with 20 non-threatened spe-
cies! This reveals the key limitation of the approach. IPE is supposed to reflect a
concentration of range restricted, threatened species. Gudde et al. (2013) argued
that “our mapping does indeed quantify where at risk PD is concentrated”. However,
IPE, in the example above, actually quantified where not-at-risk PD was
concentrated!

This weakness of IPE is similar to that of EDGE (see above and Faith 2008).
Both methods suffer the weakness that phylogenetic overlap of species is not effec-
tively taken into account. For EDGE type assessments, an existing probabilistic PD
approach (Witting and Loeschcke 1995) performs better (Faith 2008; see also
May-Collado and Agnarsson 2011; Kuntner et al. 2011). In the final section, I
examine the prospects for using this “expected PD” approach to address some con-
servation assessment problems that have been unsuccessfully treated by the ED type
methods.

The PE measure is relevant to another study that attempts to integrate range
extent and threat information into PD assessments. In their global study on conser-
vation of phylogenetic diversity of birds, Jetz et al. (2014) devised a measure related
to ED to provide scores for regions or areas. Their “EDR” score for a species is
simply the ED value divided by the range (number of occupied cells) of the species.
Total EDR for a given region then is the summed EDR of all species occurring in
the region. Jetz et al. ask, “Under an objective of minimizing global PD loss, how
do ED and EDR perform as metrics for a rule-based approach to taxon- and
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area-based conservation priority setting?” They claim that EDR indicates high pri-
ority conservation areas. However, this modified ED score, when summed to pro-
duce EDR area scores, again will not reflect PD (Fig. 2), nor amount of PD that
would be lost (Fig. 1).

An alternative, incorporating range information, is a modification of PE.

A threatened-PE (TPE) area score only counts up threatened branches (e.g. those
having only threatened descendents; see also Faith 2015). If the range-extents of
many species are declining, TPE may be an effective simple index to monitor over
time. The TPE of an area will increase if more of its species/branches are threatened
or if range extent decreases for some of its species.

Prospects

In the examples presented above, assessments of sets of taxa (and/or areas) focussed
on two related goals. One was the assessment of losses in PD (as in Fig. 1) and the
other was assessment of gains in PD (as in Fig. 2). Regarding gains, it is apparent
that some indices may fail to record a large gain in PD, because they do not detect
the degree to which a set of taxa is spread out phylogenetically. Regarding losses,
some indices may miss a large loss in PD because they do not take into account the
fact that a set of taxa are clumped phylogenetically. The latter case is a particularly
important one, given that these scenarios may correspond to “phylogenetic tipping
points”, where long, deeper, branches of the phylogeny are lost (see Faith et al.
2010; Faith and Richards 2012),

The theme of PD gains and losses is a critical one also for the conservation
assessment of geographic areas. For species/taxon priorities, the expected PD meth-
ods have advantages over the ED and EDGE approaches for estimating expected
gains or expected losses (Faith 2008). The application of expected PD by Jono and
Pavoine (2012), noted above, provided an example of such an effective assessment
of PD expected gains or losses. We also need effective estimates of the expected PD
gains or expected PD losses for entire areas or regions.

Expected PD will have advantages over other methods for assessments of areas.
For example, the study of Safi et al. (2013), discussed above, highlighted the impor-
tance of identifying regions having a concentration of threatened species and phylo-
genetic diversity. However, they focussed on the “highest accumulation of top
mammal species ranked in terms of their EDGE score.” Similarly, Gudde et al.
(2013) set out to identify places with a concentration of threatened phylogenetically
distinctive and rare species. Both studies, while identifying important assessment
issues for the future, unfortunately applied methods that do not fully integrate the
principle of phylogenetic complementarity. The expected PD framework may pro-
vide an effective way to address such assessment goals.

The identification of Key Biodiversity Areas (KBAs) is one important context for
future work of this kind. KBAs are defined as sites of global significance for biodi-
versity conservation: ‘“contributing significantly to the global persistence of
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biodiversity” (see http://www.iucn.org/about/work/programmes/gpap_home/gpap_
biodiversity/gpap_wcpabiodiv/gpap_pabiodiv/key_biodiversity_areas/; Foster et al.
2012). KBAs typically are identified based on the presence of globally threatened
(and/or geographically restricted) species. However, a gap exists in defining and
identifying KBAs at the genetic and phylogenetic levels. Expected PD calculations
could fill this gap in providing information about both expected gains and expected
losses.

As an example, we could examine the gain in expected PD, if a given KBA were
protected (probabilities of extinction transformed to some small value). This would
be useful in revealing a concentration of threatened PD. On the other hand, we could
examine the loss in expected PD if the area was lost (received no protection). This
would be useful, in contrast to the IPE measure of Gudde et al. (2013), in revealing
areas that have geographically restricted elements of threatened PD. Future work
may examine how these basic calculations of expected gains and losses can be used
in combination to defined priorities for KBAs and other geographic areas as conser-
vation foci.

Open Access This chapter is distributed under the terms of the Creative Commons Attribution
Noncommercial License, which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.
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Reconsidering the Loss of Evolutionary
History: How Does Non-random Extinction
Prune the Tree-of-Life?

Kowiyou Yessoufou and T. Jonathan Davies

Abstract Analysing extinction within a phylogenetic framework may seem
counter-intuitive because extinction is a priori a non-heritable trait. However,
extinction risk is correlated with other traits, such as body size, that show a strong
phylogenetic signal. Further, there has been much effort in identifying key traits
important for diversification, and recent evidence has demonstrated that the pro-
cesses of speciation and extinction may be inextricably linked. A phylogenetic
approach also allows us to quantify the impact of extinction, for example, as the loss
of branches from the tree-of-life. Early work suggested that extinctions might result
in little loss of evolutionary history, but subsequent studies indicated that non-
random extinctions might prune more of the evolutionary tree. Loss of phylogenetic
diversity might have ecosystem consequences because functional differences
between species tend to be correlated with the evolutionary distances between them.
Here we explore how extinction prunes the tree-of-life. Our review indicates that the
loss of evolutionary history under non-random extinction (the emerging pattern in
extinction biology) might be less pronounced than some previous studies have sug-
gested. However, the loss of functional diversity might still be large, depending on
the evolutionary model of trait change. Under a punctuated model of evolution, in
which trait differences accrue in bursts at speciation, the number of branches lost is
more important than their summed lengths. We suggest that evolutionary models
need to be incorporated more explicitly into measures of phylogenetic diversity if
we are to use phylogeny as a proxy for functional diversity.
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Introduction

There is mounting evidence that we are entering a sixth mass extinction (Millennium
Ecosystem Assessment 2005), and the future of biodiversity is at risk due to the
high rates at which biological diversity — species, habitats, evolutionary diversity —
is being eroded. Species are experiencing unprecedented pressures across their
ranges owing to global change, including increased invasion success of aliens
(Winter et al. 2009), habitat destruction (Vitousek et al. 1997; Haberl et al. 2007),
climate change and climate variability (Willis et al. 2008, 2010). Consequently,
approximately 30 % of assessed species are currently categorised as threatened by
the JUCN, and a greater proportion may be committed to extinction in the near
future (Thomas et al. 2004). Current rates of species loss might be 1,000-10,000
times greater than past extinction rates (Pimm et al. 1995; Millennium Ecosystem
Assessment 2005) with particularly elevated rates in tropical biomes (Vamosi and
Vamosi 2008), known for their unique life-form diversity. At the ecosystem level,
with the loss of species, we also lose their contributions to overall ecosystem func-
tioning and services. The loss of ecosystem services is of particular concern because
human survival relies strongly on key services such as food production, plant pol-
lination, medicinal plants, clean water, clean air, nutrient cycling, carbon sequestra-
tion, climate stability, recreation, tourism, etc. — which are provided by a well
functioning system of biological diversity.

It is well established that human activities can drive extinctions within a short
period of time (Baillie et al. 2004; Mace et al. 2005a). Because human population
has increased exponentially over the last centuries, and is expected to reach nine
billion by 2050 (www.un.org/esa/population/publications/longrange2/2004worldpo
p2300reportfinalc.pdf), pressure on natural ecosystems is also predicted to increase,
yet at the same time there will be an even greater demand for the ecosystem services
provided by biologically diverse natural systems. As a result, the rate of species
extinction is projected to rise by at least a further order of magnitude over the next
few hundred years (Mace et al. 2005b), potentially decreasing the provisioning of
ecosystem services at a time when demand is growing. Understanding how the
ongoing extinction crisis will impact the provisioning of critical ecosystem services
is therefore a matter of urgency.

Quantifying the ecosystem contributions of individual species is a major chal-
lenge. Current estimates of global diversity vary by over an order of magnitude (see
e.g. May 2010), with the vast majority of species (86 % and 91 % of terrestrial and
oceanic diversity, respectively) remaining unknown to science (Mora et al. 2011).
An in-depth understanding of species ecologies is therefore impractical for most of
life; at best, we might be able to infer their placement on the tree-of-life. Whilst
there is now a general consensus on the positive link between biodiversity and eco-
system function (Hooper et al. 2012), there has been growing evidence suggesting
that evolutionary history provides a more informative measure of biological diver-
sity than traditional metrics based upon richness and abundance (e.g. Faith 1992;
Faith et al. 2010; Davies and Cadotte 2011; see also Srivastava et al. 2012 for a
comprehensive review). It is suggested that evolutionary history might better capture
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functional diversity including unmeasured or hard-to-measure traits (Crozier 1997,
Faith 2002). As such, phylogeny provides a unique framework that captures both
known (Forest et al. 2007; Saslis-Lagoudakis et al. 2011) and unknown ecosystem
services (Faith et al. 2010). Understanding how the current extinction crisis will
prune the tree-of-life is therefore critical for ensuring a continued provisioning of
the ecosystem services upon which we rely, but for which we might lack detailed
ecological knowledge of underlying process or mechanism (Faith et al. 2010).
There has been growing effort to incorporate species evolutionary histories into
conservation decision-making (e.g. Purvis et al. 2000a, 2005; Isaac et al. 2007,
2012; Faith 2008). This effort has been facilitated by the rapid rise in analytical
tools, and the availability of large comprehensive phylogenetic trees for well stud-
ied taxonomic groups such as mammals (Bininda-Edmonds et al. 2007), birds
(McCormack et al. 2013), amphibians (Pyron and Wiens 2013), and flowering
plants (e.g. Davies et al. 2004). Here, we review recent insights from phylogenetic
studies of extinction risk, and re-examine how extinctions impact the tree-of-life.

Speciation and Extinction as Two Natural Processes

Extant species represent just a small fraction of all the species that have ever lived
(Jablonski 1995; May et al. 1995; Niklas 1997). This standing biodiversity is the net
difference between cumulative speciation and extinction over the evolutionary his-
tory of life on Earth. Both the processes of speciation and extinction are therefore
intrinsic parts of Earth’s natural history. Much effort has gone into exploring geo-
graphic and taxonomic patterns of diversity, looking to answer why some regions
and some taxa are more species-rich than others. Recent debate has contrasted
explanations based upon ecological limits and times for speciation (e.g. see Rabosky
and Lovette 2008). Comparisons between sister taxa, which are by definition of
equal age, allow us to control for time for speciation, and thus differences in rich-
ness must reflect either variation in speciation or extinction rates (Barraclough et al.
1998). Such comparisons have shown that diversification rates have been higher in
more tropical lineages (Davies et al. 2004; Rolland et al. 2014), but that higher
tropical species richness is most likely a product of both faster rates and longer
times for speciation (Jansson and Davies 2008). However, high diversification might
be explained by high speciation rates, low extinction rates or a combination of both,
and until recently, it has not been possible to reliably disentangle the two.
Unraveling the processes of extinction and speciation remains a major challenge
(Benton and Emerson 2007). The fossil record is often thought to provide the most
reliable documentation of speciation and extinction, yet the cumulative fossil record
suggests that speciation rate increases inexorably through time (Raup 1991; Nee
2006; Benton and Emerson 2007), whereas there is growing evidence suggesting
that species accumulate in bursts, and speciation rates decline over time (Simpson
1953; Schluter 2000; Gavrilets and Vose 2005; Scantlebury 2013). Phylogeny
provides an alternative tool for reconstructing evolutionary process (Harvey et al.
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1994). Nee et al. (1994) illustrated how extinction rates could be estimated from
phylogenetic trees (but see Rabosky 2010), but assumed constant rates model. New
methods, for example, BiSSE (Maddison et al. 2007) and GeoSSE (Goldberg et al.
2011), relax this assumption, and allow us to estimate extinction and speciation
rates simultaneously, for example, with the gain or loss of particular character states
(BiSSE) or shifts in geographic distributions (GeoSSE). Phylogeny-based analysis
of diversification provides some limited evidence for increasing speciation through
time (e.g. Barraclough and Vogler 2002; Linder et al. 2003; Turgeon et al. 2005),
but again, a scenario of rapid radiation followed by a decline in speciation rate over
time appears to be more common (Harmon et al. 2003; Shaw et al. 2003; Kadereit
et al. 2004; Machordom and Macpherson 2004; Morrison et al. 2004; Williams and
Reid 2004; Xiang et al. 2005; Kozak et al. 2006; Weir 2006; Phillimore and Price
2008; Scantlebury 2013). This pattern could be linked to a density-dependent model
of ecological opportunity and/or reflect punctual mass extinctions (e.g. Yessoufou
et al. 2014) that open up new niche space for subsequent radiations (Crisp and
Crook 2009). Recently, using phylogenetic information on the Cape Floristic
Region, Davies et al. (2011) suggested that the processes of speciation and extinc-
tion may be inextricably linked.

Speciation and extinction are part of life’s natural history, and to achieve equilib-
rium in standing diversity, speciation must equal extinction (Raup 1986). Even the
classic MacArthur and Wilson (1963, 1967) model of island biogeography suggests
that species richness is a dynamic equilibrium between immigration, speciation and
extinction. However, today this balance is increasingly biased towards extinction
(Millennium Ecosystem Assessment 2005), and we risk moving towards a new low-
diversity state as it is not possible to manipulate speciation rates to match current
losses (Barraclough and Davies 2005). Whilst there is increasing evidence that evo-
lutionary processes can occur over ecological time scales (Kettlewell 1972; Endler
1986; Kinnison and Hendry 2001; Ashley et al. 2003), speciation can take a longer
time to complete, whereas extinctions are occurring over much shorter time spans
(Barraclough and Davies 2005). Even for the most famous examples of rapid spe-
ciation, such as Lake Victoria cichlids, diversification rates are estimated over 100’s
to 1000’s of years, and evidence of ‘reverse-speciation’ indicates that speciation
might not have been complete (Seehausen 2006). By contrast, rates of extinction are
now estimated at many times background rates (Vitousek et al. 1997; Butchart et al.
2004), and are occurring over 10’s to 100’s of years.

Shifting the Balance Towards a Low-Diversity Earth

Extinction Trends

Whilst the scale of current species loss parallels that of mass extinction events in the
paleontological past (May et al. 1995; Millennium Ecosystem Assessment 2005),
unlike past extinctions which were caused by abiotic factors such as asteroid strikes,
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volcanic eruptions, and natural climate shifts, the current crisis is driven largely by
human activities, and is perhaps the first mass extinction event that can be attributed
to a biotic cause. Current estimates indicate that 10-30 % of mammals, amphibians
and birds are threatened with extinction (Millennium Ecosystem Assessment 2005).
Taxonomic groups are not, however, equally at risk of extinction. Among terrestrial
vertebrates, amphibians have the highest proportion at at-risk species, with at least
a third of ~6600 known amphibians threatened with extinction (Wake and
Vredenburg 2008). It is estimated that 12 % and 20 % of continental birds and mam-
mals, respectively, have already been lost (Wilson 1992), but with a higher rate of
loss observed on islands (Lohle and Eschenbach 2011). In fish, of the ~2,000 spe-
cies that have been assessed 21 % are considered at risk of extinction (IUCN 2010).
Our knowledge of extinction risks in invertebrates is much poorer; however, of the
1.3 million known invertebrates, less than 10,000 species have been assessed, of
which 30 % are threatened (IUCN 2010).

In plants, extinction trends appear to be even more alarming, but estimates need
to be interpreted carefully. For example, over 70 % of Red-listed species of flower-
ing plants are classified as at risk of extinction (category VU or higher) (IUCN
2010). This proportion is much higher than that reported for vertebrate groups
(22 %), but as yet only a very small fraction of total plant diversity has been assessed
(~13,000 of >300,000 species), and a trend towards focusing on some of the most
obviously vulnerable species might bias our estimates of threat upwards. For clades
with more complete sampling, such as cycads, the proportion of threatened species
remains high (>80 %), but perhaps this ancient group that peaked in diversity in the
Jurassic—Cretaceous (Jones 2002; Taylor et al. 2009) when dinosaurs roamed the
Earth, is not representative of current seed plant diversity. One recent attempt to
estimate the true proportion of threatened species within angiosperms using a statis-
tical model to correct for sampling bias — the sampled Red List — has suggested that
the percent of at-risk plant species might actually be more comparable to that for
mammals (http://threatenedplants.myspecies.info/).

The spatial congruence in taxonomic richness across taxonomic groups has been
well described globally (Grenyer et al. 2006), with the richest areas of the world
found in highly productive environments at low latitudes and in mountainous
regions (Orme et al. 2005). Similarly, there is a geographical pattern in the distribu-
tion of rare and threatened taxa, which has been shown at the global scale for verte-
brates (e.g. Grenyer et al. 2006), and at various scales for plants (e.g. Zhang and Ma
2008; Davies et al. 2011; Daru et al. 2013). However, hotspots of richness and rarity
or threat do not necessarily coincide (Grenyer et al. 2006). For example, vertebrate
richness peaks on the Neotropical mainland, but bird rarity concentrates on oceanic
island archipelagos, the diversity of rare mammal species peaks on continental shelf
islands and rare amphibian species are more centered on continental landmasses
(Grenyer et al. 2006). The variation in geographical patterns of rarity may be par-
tially linked to differences in relative dispersal ability across taxa. Spatial variation
in extinction risk additionally reflects differences in the distribution of threats facing
each group. For example, invasive species and overexploitation are key threats for
birds whereas overexploitation is the major driver of species loss in mammals
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(Baillie et al. 2004), and climate change, pollution and transmissible diseases are
important in amphibians (Stuart et al. 2004).

Extinction Drivers: Animals Versus Plants
Extrinsic Versus Intrinsic Factors

Explaining why some species appear predisposed to higher extinction risk than oth-
ers is an important goal for conservation research (McKinney 1997). The five main
extinction drivers include habitat loss, climate change, increased pollution, resources
over-exploitation and invasive species (Millennium Ecosystem Assessment 2005),
and all are linked directly or indirectly to anthropogenic pressures. These drivers
parallel Jarred Diamond’s ‘evil quartet’ (Diamond 1984, 1989), but with the more
recent addition of climate change, and Diamond additionally included the possibil-
ity of extinction cascades in which secondary extinctions follow the loss of key
species, for example, due to the disruption of ecosystem processes. We can further
simplify this list into extrinsic (e.g. climate change) and intrinsic factors (e.g. eco-
logical traits such as population density and species life-history traits such as body
size and gestation length) (Cardillo et al. 2005). Extrinsic factors might help explain
geographic variation in extinction risk, whereas intrinsic factors might better explain
taxonomic patterns; however, highest risk is where driver intensity associated with
extrinsic factors overlaps with species intrinsic vulnerability. In addition, species
are increasingly likely to be exposed to multiple drivers, and this will likely further
exacerbate risk of extinction (Brook et al. 2008).

Extinction Drivers in Animals

Correlates of extinction risk in animal kingdom have been explored extensively
using data from the [TUCN Red List (Bennett and Owens 1997; Russell et al. 1998;
Purvis et al. 2000a, b; Cardillo 2003; Cooper et al. 2008) with particular attention to
mammals (Russell et al. 1998; Cardillo et al. 2005, 2008; Isaac et al. 2007; Huang
et al. 2012), perhaps the best-studied higher taxonomic group. Across studies, high
extinction risk is generally associated with large body size, long generation times
and small geographic range sizes (Bennett and Owens 1997; Russell et al. 1998;
Purvis et al. 2000a; Cardillo 2003; Fisher and Owens 2004; Cooper et al. 2008).
Conversely, species at low risk of extinction are small, reproduce rapidly, and have
a wide niche breadth.

We know, for example, that mammals that are at risk of extinction are, on aver-
age, an order of magnitude heavier than non-threatened species (IUCN 2003). The
size-selectivity of extinction risk is not unique to the current extinction crisis; past
mass extinction events, such as that of the late Pleistocene, were also biased towards
larger species (Martin 1967; Johnson 2002). During the late-Pleistocene — early-
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Holocene extinction event, there was a mass extinction of much of the mammalian
megafauna, resulting in a loss of several complete ecological guilds and their preda-
tors (Cione et al. 2003). Size selectivity in extinction risk has been long-recognised
(e.g. Pimm 1991; Lawton 1995; Pimm et al. 1988; Cardillo and Bromham 2001;
Johnson 2002), and there are many potential explanations. Large-sized mammals
might be more extinction-prone because of generally lower average population den-
sities (Damuth 1981), putting them at greater risk from stochastic population
dynamics. High risk in large bodied mammals might also reflect the negative cor-
relation between intrinsic rates of population increase and body mass (Fenschel
1974), and thus longer recovery times following population declines. There might
also be an increased propensity for humans to exploit larger species (Bodmer et al.
1997; Jerozolimski and Peres 2003). The relationship between species traits and
extinction risk, however, is not straightforward, because of the complex interaction
between intrinsic and extrinsic drivers, and different clades might have very differ-
ent predictors (e.g. see Cardillo et al. 2008).

Cardillo and colleagues (2005) demonstrated that risk in small-sized mammals
(<3 kg) was largely determined by extrinsic factors including the size and location
of geographical ranges. However, the predisposing factors in the larger size class
include both intrinsic species properties (e.g. population density, neonatal mass and
litters per year) and extrinsic factors. Such fine-scaled analyses can help address
whether extinctions are linked to ‘bad genes’ or ‘bad luck’ (Raup 1993; Bennett and
Owens 1997). For mammals, it appears that extinction in small bodied species is
more likely a case of bad luck, driven by extrinsic factors. For larger bodied species,
bad genes, that is, genes controlling intrinsic traits such as body size and life history
are additional aggravating factors promoting extinctions.

Compared to vertebrates, the distribution and drivers of extinction risk in inver-
tebrate communities has been poorly explored. However, a recent study estimated
that one-fifth of invertebrate species may be threatened with extinction, with fresh-
water species at particular high risk (Collen et al. 2012). Collen and colleagues
suggested that the greater threat to freshwater species was predominantly driven by
agricultural pollution and dam construction, invasive species and waterborne dis-
eases. More generally, and perhaps unsurprisingly, species that are less mobile and
with limited geographic ranges, such as freshwater mollusks, tend to be at higher
risk (Collen et al. 2012). In marine ecosystems, however, the market values of some
invertebrates correlate strongly with their risk of extinction, e.g. invertebrate species
considered luxury seafood (Purcell et al. 2014), providing an exception to the gen-
eral trend for greater threat to be observed in larger-sized species.

The phylogenetic distribution of extinction risk in mammals has also been of
much interest. In mammals, it has been suggested that species subtending from
longer phylogenetic branches, and thus representing greater unique evolutionary
history, are at higher risk of extinction (Russell et al. 1998; Purvis et al. 2000a). This
pattern matches to Wilson’s (1961) ‘taxon cycle’, which predicts that older species
would have higher extinction probabilities as species expand and contract in their
geographical distributions over their evolutionary lifetimes. Although, as originally
described, the taxon cycle referred to the distribution of species on islands (ants on
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islands in Melanesia), the concept has been extended to include species on conti-
nents (e.g. see Ricklefs and Bermingham 2002). Alternatively, it might simply echo
the pattern of historical extinctions, in which older species represent survivors of
once more diverse clades (Purvis et al. 2000a). However, the precise relationship
between extinction risk and evolutionary age remains debated (Verde et al. 2013).
Further, patterns of extinction risk in plants appears to show an opposite trend, with
higher risk associated with young species in species rich (Schwartz and Simberloff
2001; Meijaard et al. 2007) and more rapidly diversifying clades (Davies et al.
2011), suggesting that predictors of extinction in plants might be very different to
those for mammals.

Extinction Drivers in Plants

Species extinction in the plant kingdom is predominantly the result of habitat loss,
for example through deforestation. Tropical forests, which cover less than 7 % of
the world land area, contain over 50 % of global biodiversity (Dirzo and Raven
2003), but these unique habitats are being destroyed at unprecedented rates
(Laurance 1991; Achard et al. 2002) as a result of rapid human population growth
and economic development. In tropical Asia and Africa, over 40 % of the primary
forests is already lost (Wright 2005). This drastic reduction in forest cover has had
a devastating impact on plant diversity (Sodhi and Brook 2006). Although there is
some evidence that, globally, recent rates of deforestation are slowing, we likely
owe a large extinction debt due to the time lag between habitat loss and species
losses predicted from the reduction in area. Thus, even should we be successful in
preserving the remaining forest cover, many species might still be predicted to be
lost over the following decades as habitats return to a new, lower diversity, equilib-
rium state. This extinction event will likely be exacerbated by the effects of ongoing
climate change as local climate conditions shift and species are forced to either
adapt to new conditions or track climate space (Willis et al. 2008).

Plant responses to environmental change are difficult to predict. With warming,
plants might adapt by shifting their phenologies — the timing of life history strate-
gies — for example flowering earlier and losing leaves later (Parmesan 2007). Recent
work indicates significant phylogenetic conservatism in flowering phenology
(Davies et al. 2013), suggesting that there might be some evolutionary constraints to
species adaptive responses. If the velocity of climate change is high, species may
not have the necessary time to adjust their phenological responses. Alternatively,
species might track suitable climates, for example by shifting their distribution
northwards or towards higher elevations (Sandel et al. 2011). Species already
restricted to high elevation biomes might then be particularly vulnerable as increased
warming may result in the reduction of suitable habitat and, at the extremes, com-
plete habitat loss. In the biodiversity hotspots of the Eastern Arc Mountains of East
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Africa, species at higher elevations already tend to be more threatened, perhaps
reflecting recent climate shifts (Yessoufou et al. 2012). Species that are unable to
adapt their phenology or track climate through space will be most vulnerable to
extinction. In data from Thoreau’s woods in Concord, MA, spanning 100 years, it is
already possible to detect declines in populations among species that have failed to
shift their phenologies to match recent climate change (Willis et al. 2008, 2010).
These data also revealed phylogenetic structure in species responses, suggesting
evolutionary conservatism not only in flowering times, but also plasticity in flower-
ing times (see also Davies et al. 2013).

As for animals, there has been much work aimed at identifying intrinsic life-
history traits that predispose some plant species towards extinction (Sodhi et al.
2008). However, investigating the correlates of extinction risk within the plant king-
dom has proven somewhat more challenging, as key traits frequently differ between
studies (Walker and Preston 2006; Sodhi et al. 2008). In addition, traits explain only
a small proportion of the variation in extinction risk and, with the exception of geo-
graphic range size, we have yet to reveal any single strong correlate equivalent to,
for example, body size in mammals. Life-history traits that have been found to cor-
relate with plant extinction include pollination syndrome (e.g. wind or animal medi-
ated), sexual system, habit, height, and dispersal mode (Sodhi et al. 2008). For
tropical angiosperms, these traits can explain ~10 % of extinction risk (Sodhi et al.
2008), whereas equivalent models of intrinsic drivers for mammals can explain up
to 30 % of the variation in extinction risk (Cardillo et al. 2008). However, even for
mammals, explanatory power tends to be lower when exploring predictors across
disparate clades (Cardillo et al. 2008), reflecting clade specific sensitivities to differ-
ent drivers. Perhaps, therefore, it is unsurprising that in flowering plants, a group
containing up to 500,000 species, predictive models are often poor.

An alternative avenue of exploration has considered the importance of evolution-
ary history in models of extinction risk (Sodhi et al. 2008; Davies et al. 2011). In
plants, there is increasing evidence that a species evolutionary history might be
more important than its life history in explaining extinction risk. As mentioned
above, threatened terrestrial plants generally fall within species-rich clades
(Schwartz and Simberloff 2001; Pilgrim et al. 2004) that represent recent radiations
(Davies et al. 2011). However, when we look at the distribution of extinction risks
across plant families, species-poor and especially monotypic families also appear to
contain species at higher risk of extinction (Vamosi and Wilson 2008). It is therefore
possible that mechanistic explanations for variation in extinction risk differ between
old and young clades. Old and species-poor families may represent remnants of
once more diverse clades, with species vulnerabilities associated with intrinsic life
history traits and long generation times, as in mammals. In contrast, extinction risk
in younger, still diversifying clades, may be more closely linked to the speciation
process, with high extinction risk more closely associated with traits driving specia-
tion, such as small geographic range size and short generation times.
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The Importance of Phylogeny in Conservation

Why We Need to Evaluate Extinction Risk within a Phylogenetic
Framework

Phylogenetic approaches are now well accepted in many ecological disciplines.
Phylogenetic methods are also increasingly commonplace in extinction biology (see
Purvis 2008). The necessity of employing a phylogenetic framework for exploring
a non-evolving trait such as risk of extinction has been questioned (Grandcolas et al.
2011). Reasons for doing so are multifold. First, as we have discussed above, many
drivers of extinction risks can be linked to phylogenetically conserved traits, such as
body mass (Cardillo et al. 2005, 2008) and phenology (Willis et al. 2008, 2010).
Therefore, phylogenetic comparative methods, such as independent contrasts
(Felsenstein 1985) or phylogenetic regression are important because species cannot
be considered as statistically independent (see Purvis 2008 for further discussion).
Second, species evolutionary history might itself be an important predictor of
extinction risk, for example, with higher risks associated with either more evolu-
tionarily distinct lineages (Purvis et al. 2000a; Mace et al. 2003) or centres of diver-
sification (Davies et al. 2011), depending on the clade and taxonomic scale. Third,
by considering extinction within a phylogenetic framework, we can quantify directly
its impacts on the tree-of-life as the loss of phylogenetic diversity (PD) (Purvis et al.
2000a; Mace et al. 2003). This measure of evolutionary heritage provides a useful
conservation metric, typically measured in millions of years, it is easily compre-
hendible, and simple to calculate for particular regions or taxa (Mooers et al. 2005).
Although, there remain practical obstacles in the implementation of phylogenetic
approaches for conservation planning, there is now increasing appreciation of the
importance of including an evolutionary perspective within conservation goals, as
illustrated by the Zoological Society of London’s EDGE of existence programme
(http://www.edgeofexistence.org/) that emphasises the conservation of evolutionary
distinct and threatened species (Isaac et al. 2007).

Practical Contribution of Phylogeny to Conservation

The practical contribution of phylogeny to conservation actions has recently been
discussed (Cardillo and Meijaard 2012; Winter et al. 2013). In part, the conservation
value of the phylogenetic approach is in its ability to guide pre-emptive actions
towards identifying and prioritizing the most at-risk species. For example, by iden-
tifying species with traits or in regions that predispose them to high risk of extinc-
tion, we can identify species that are not yet at risk of extinction but which might
become threatened in the near future if current extinction drivers increase in inten-
sity or geographic extent. Cardillo et al. (2006) referred to such species as having
high ‘latent risk” of extinction. Given limited conservation funding, focusing efforts
on species with high latent risk might make economic sense as it is likely to be more
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cost effective to prevent species declines before they begin versus reestablishing
viable populations for species that have already suffered declines and may have lost
much of their natural range. Preserving intact habitats will almost always be easier
and cheaper than returning transformed habitats to their natural states.

A justification for placing emphasis on the preservation of phylogenetic diversity
per se is that phylogenetic diversity captures feature diversity (Faith 1992; Crozier
1997; see also section “Feature diversity and evolutionary models of character
change”), and thus preserving the set of species that maximizes phylogenetic diver-
sity also maximizes the possibility of having the right set of features in an uncertain
future. Forest et al. (2007) provided an example of the utility of phylogenetic diver-
sity in the Cape Floristic Region of South Africa by demonstrating that preserving
the phylogenetic diversity of the flora would maximize future options for the benefit
of society through a continued provisioning of key ecosystem services. To date,
empirical examples of conservation actions implemented explicitly to protect phy-
logenetic diversity are rare; however, one recent effort spearheaded by the Zoological
Society of London’s EDGE programme specifically aims at focusing conservation
attention on evolutionary distinct species at risk of extinction. These EDGE species
are distinct not only in the history of their evolutionary past, but perhaps also in the
functional roles they might fill within ecosystems. The extinction of EDGE species
might therefore result in the loss of important ecosystem functions and services for
which we have no species substitute. Some EDGE species (e.g. elephants and pan-
das) are well known, but many others (e.g. Chinese giant salamanders and the pecu-
liar long-beaked echidnas) have been overlooked by traditional conservation
strategies (see Isaac et al. 2007, 2012).

Critically, the utility of phylogenetic metrics and methods in conservation biol-
ogy relies upon the accuracy of the underlying phylogenetic topology and, if we are
interested in capturing feature diversity, the evolutionary model of character change
along the branches of the tree, a point we explore further in the following sections.

Extinction and the Loss of Evolutionary History

Phylogenetic Structure in Extinction Risks

We have discussed above how the process of extinction is non-random with respect
to species traits and geography. For example, extinction will tend to remove large-
bodied species with slow life histories and narrow niches, and species in regions
with high intensity of extinction drivers. Because many of the traits linked to extinc-
tion risk (e.g. body size, generation time, dispersal ability etc.) demonstrate phylo-
genetic conservatism (Fritz and Purvis 2010), such that they tend to be clustered on
the phylogeny, extinctions will also tend to cluster on the phylogeny. Whereas evi-
dence for trait-based explanations for plant extinctions is mixed (Freville et al.
2007; Bradshaw et al. 2008; Sodhi et al. 2008; Davies et al. 2011; Daru et al. 2013),
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phylogenetic selectivity in extinction risk might also result from a geographical pat-
tern in the drivers of extinction, for example, range elevation might determine a
species vulnerability to climate change (Sandel et al. 2011). If closely related spe-
cies also tend to have close geographical proximities, perhaps reflecting shared
habitat preferences or the geographical process of speciation, they will then also be
exposed to similar intensity of extinction drivers. There is an increasing weight of
evidence suggesting that extinction risk is generally more clustered on a phylogeny
than expected by chance (Bennett and Owens 1997; Purvis et al. 2000a; Schwartz
and Simberloff 2001), a pattern also observed within the fossil record. Extinction
will thus prune the tree-of-life non-randomly. However, how this non-random prun-
ing might impact the loss of evolutionary history has been a subject of recent debate.

Quantifying the Loss of Evolutionary History

Extinction prunes species from the tips of the tree-of-life, resulting in the loss of
terminal branches. In a frequently cited paper, Nee and May (1997) used simula-
tions to explore the expected loss of evolutionary history (quantified as the summed
branch lengths from the tree-of-life) under various extinction intensities. Perhaps
surprisingly, they found that up to 80 % of the tree would remain under even extreme
extinction scenarios in which 95 % of species were lost. However, their simulations
were unrealistic in two regards. First, they assumed extinction events were ran-
dom - the field-of-bullets model, in which extinction is independent of species’
traits and thus also phylogeny. If extinctions are clustered on a phylogeny, we might
also lose the internal branches of the tree that connect them, and thus experience a
greater overall loss of phylogenetic diversity (Russell et al. 1998; Purvis et al.
2000a). Second, their expectation was derived assuming a phylogeny based on a
coalescent model, which generates a highly unrealistic distribution of branching
times, with most branches clustered towards the present (see Fig. 1a), and does not
fit to most empirical estimates of phylogenies. Importantly, coalescent trees tend to
be ‘tip-heavy’ such that most branching events are short and clustered towards the
present (tips of the tree). Therefore, under this model, most extinctions remove only
short terminal branches from the tree, and most major lineages survive even extreme
pruning of tips. Empirical phylogenies tend to have a very different distribution of
branching times (e.g. Rabosky and Lovette 2008; see also Fig. 1b, ¢ for pure birth
and birth-death tree). Mooers et al. (2012) explore further how tree shape impacts
the expected loss of phylogenetic diversity. The phylogenetic non-random distribu-
tion of extinction risk and the shape of empirical phylogenies might therefore sug-
gest that we risk losing a disproportionate amount of evolutionary history from the
tree-of-life.

A suite of empirical studies were to follow on from the early work of Nee and
May, and emphasized both the phylogenetically non-random nature of species’
extinctions and a greater than random loss of phylogenetic diversity (e.g. Purvis
et al. 2000a; Purvis 2008; Vamosi and Wilson 2008). A link between non-random
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Fig. 1 Comparison of branching times for different tree reconstruction models of size 128 tips. a
Coalescent model in which branching clusters towards present; b pure birth model in which all

lineages have an equal probability of splitting (b=1.0) and no lineages go extinct (d=0); ¢ birth-
death model in which lineages have equal rates of splitting and extinction (birth=1.0, death=0.2)

extinction and greater than random loss of phylogenetic diversity seemed intuitive;
if two sister species are lost to extinction, not only do we lose the unique phyloge-
netic diversity captured in the branches from which they subtend, but we also lose
the ancestral branch that is shared between them (see Fig. 2). However, in a more
recent study, again using simulations, but this time assuming both a more realistic
model of diversification and a range of phylogenetic signal in extinction probabili-
ties, Parhar and Mooers (2011) suggested that the loss of phylogenetic diversity
under phylogenetically non-random extinctions was more or less indistinguishable
from random (see also Heard and Mooers 2000). Seemingly, the observation of
phylogenetic signal in extinction risks and the non-random loss of phylogenetic
diversity are not necessarily connected directly.

Observations for greater than random losses of phylogenetic diversity that have
been inferred for many clades under realistic extinction scenarios likely reflect the
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Fig. 2 Ultrametric phylogenetic tree with three tips (A, B and C) and four branches with lengths
in millions of years (Myrs). If tip taxa A and C become extinct, we lose two branches and 3 Myrs
of evolutionary history from the tree. If sister taxa A and B become extinct, for example, because
they share a phylogenetically conserved trait that predisposes them to high risk, we also lose 3
Myrs of evolutionary history, but this time three branches are lost from the phylogeny

particularities of phylogenetic tree topology in combination with a tendency for
more extinction prone species to fall within species poor clades (Heard and Mooers
2000; von Euler 2001; Parhar and Mooers 2011). There does seem to be a general
trend within some clades for threatened species to be overrepresented in species-
poor clades (e.g. in mammals, Purvis et al. 2000b and birds, Bennett and Owens
1997). In plants, patterns appear mixed. As discussed above, there is some evidence
suggesting an opposite trend to vertebrates, with a greater proportion of threatened
plant species falling within species-rich clades (Schwartz and Simberloff 2001;
Lozano and Schwartz 2005), and less evolutionary distinct lineages (Davies et al.
2011). Globally, however, species poor, and especially monotypic plant families,
again appear to be more threatened, and their extinction would also result in a dis-
proportionate loss of evolutionary history (Vamosi and Wilson 2008).

Feature Diversity and Evolutionary Models of Character
Change

Underpinning the theoretical arguments for maximizing the preservation of phylo-
genetic diversity is the assumption that it captures feature diversity (i.e. variance in
measured ecological and morphological traits), and thus selecting the set of taxa to
maximize phylogenetic diversity will also maximize feature diversity (Faith 1992;
Crozier 1997). Many biological traits demonstrate significant phylogenetic signal
(Blomberg et al. 2003) and therefore this assumption might be broadly valid.
However, the relationship between phylogenetic diversity, which is measured in
millions of years, and feature diversity is not straightforward, but assumes a linear
divergence between species over time, for example, as might be modeled under a
Brownian motion process, in which trait variance increases in proportion with time,
but for which evidence is mixed. Frequently, traits demonstrate much weaker phy-
logenetic signal than assumed by a strict Brownian motion model (e.g. Kamilar and
Cooper 2013). Although there are a large number of alternative models of
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Fig.3 Simulations showing accumulation of trait variance over time assuming a Brownian motion
model of trait evolution a in which variance increases in proportion to time, versus a punctuated
model of trait evolution b in which trait change occurs in bursts at speciation, and a pure-birth
process of phylogenetic branching (see also Ingram 2011; Davies 2015)

evolutionary change, including the Ornstein-Uhlenbeck model which approximates
stochastic evolution with stabilizing selection (Hansen 1997) and the early burst
model that might characterize adaptive radiations (Harmon et al. 2010), we here
(see Davies and Yessoufou 2013; Davies 2015) compare the potential loss of phylo-
genetic diversity under two models with very different assumptions: (1) a model of
phylogenetic gradualism as represented by Brownian Motion (Fig. 3a), and (2) a
punctuated model of evolution in which trait differences accumulate in bursts at
speciation (Fig. 3b).

To date, the model of evolution has rarely been considered explicitly within the
conservation phylogenetics literature (e.g. Owens and Bennett 2000). However, if
traits evolve following a speciational model — as may be the case for body mass in
mammals (Mattila and Bokma 2008) — where trait evolution occurs in bursts at
speciation, each individual branch would capture similar feature diversity, and as
such, the number of branches might be of equal, or greater conservation value than
their summed lengths. Furthermore, because nonrandom extinction may target
deeper branches in the tree-of-life (Mckinney 1997; Purvis et al. 2000a; Purvis
2008), we would predict a disproportionate loss of branches without necessarily a
concomitant loss of total summed branch lengths (Fig. 2). Non-random extinction
might therefore have a greater impact on number of branches lost than on the sum
of their branch lengths — which has been the focus of most studies to date.

Using a dated phylogenetic tree for Primates, Carnivora and Artiodactyla, we
(Davies and Yessoufou 2013) combined simulations and empirical extinction risk
data from the [IUCN Red List of threatened species (http://www.iucnredlist.org/) to
explore the loss of phylogenetic diversity under two alternative evolutionary mod-
els. First, following standard practice, we calculated the expected loss of PD assum-
ing a gradual model of evolution. Second, we also calculated the equivalent loss of
diversity under a speciational model of evolution (in which all branches are assigned
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equal weights) following the approach of Witting and Loeschcke (1995). Extinction
categories were first converted into extinction probabilities, p(ext), following
Mooers et al. (2008) and assuming IUCN designations projected to 50 years. We
then compared observed losses to expectations from the same distribution of p(ext),
but randomly assigned to species at the tips of the phylogeny (100 replicates). Last,
we explored the relationship between phylogenetic signal, estimated using Pagel’s
(1999) Lambda, and the loss of evolutionary history by evolving traits along the
branches of simulated phylogenetic trees. Here, we assume a birth—death tree
(b=0.2, d=0, size n=240), in contrast to the unrealistic coalescent trees used by
Nee and May (1997). Based on the simulated trait values, a constant fraction of spe-
cies (the top 25 %, as this broadly matches the proportion of threatened mammal
species in the JUCN Red List) were then assigned high risk of extinction
(p(ext)=0.75).

Our results reveal that under a speciational model of evolution, non-random
extinction prunes more branches from the tree-of-life (see also Fig. 2), but that the
loss of summed branch lengths (Faith’s PD) does not depart significantly from ran-
dom expectation (Davies and Yessoufou 2013). Although there is a weak trend for
greater loss of phylogenetic diversity (PD) and number of branches lost with
increasing phylogenetic signal in extinction risk, there is large variance in PD loss
under random pruning such that observed losses typically overlap to a greater extent
with the null distribution. In contrast, there is much less variance in the number of
pruned branches such that random extinctions of equivalent intensity would prune
similar number of branches. Therefore, observed number of branches loss more
often falls outside the null distribution from randomizations (Fig. 4).

Conclusion

There is an increasing call for prioritizing efforts towards the conservation of phy-
logenetic diversity (Mace et al. 2003; Forest et al. 2007; Davies et al. 2008). Implicit
within this conservation agenda is an assumption that species diverge in their eco-
logical and morphological traits more or less linearly through time, and thus that the
evolutionary distance between species captures their functional differences. We
(Davies and Yessoufou 2013) explored scenarios where this assumption is violated,
and feature diversity occurs in bursts at speciation, matching to a punctuated model
of trait evolution. Our results illustrate that projected extinctions might prune more
branches from the tree-of-life than predicted from the same number of extinctions
randomly distributed across the phylogeny; however, the loss of summed branch
length might be no greater than expected by chance.

We do not suggest that punctuated evolution is necessarily a better model of trait
change, but rather we emphasise the need for a more explicit consideration of evo-
lutionary models if our aim is to maximize feature diversity. Recent advances in
comparative methods have allowed comparisons between alternative evolutionary
models, and frequently find strict Brownian motion to be a poor fit to observed trait
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Fig. 4 Results from simulated extinctions with varying levels of phylogenetic clustering (Lambda)
across 100 random birth—death trees (see Fig. 1c) assuming p(ext)=0.75 for the top 25 % of spe-
cies. Light grey boxes = expected loss of PD for empirical branch lengths (assuming phylogenetic
gradualism or a Brownian motion model of trait change); dark grey boxes = expected loss of PD
assuming equal branch lengths (matching to a punctuated model of trait change). Simulations with
Lambda=0 are equivalent to random extinctions. This figure is similar to that in Davies and
Yessoufou (2013), but presents a new set of stochastic simulations

data (e.g. Blomberg et al. 2003; O’Meara et al. 2006; Harmon et al. 2010). It remains
possible that Brownian motion might still best capture aggregate species differences
even when individual traits diverge from a Brownian motion model, assuming traits
are evolving independently or when selective regimes fluctuate over time (Felsenstein
1988). However, this expectation has rarely been evaluated using empirical data.

Finally, we note that our understanding of the distribution of phylogenetic diver-
sity across space and among communities might also be informed by further consid-
eration of evolutionary models. For example, traditional metrics of phylogenetic
diversity tend to correlate very closely with species richness (Rodrigues et al. 2005),
although it is possible to identify regions of greater or lower phylogenetic diversity
than predicted from species richness alone, for example, by looking at residual vari-
ation (e.g. Forest et al. 2007; Davies et al. 2008). The covariation between evolu-
tionary history and species richness might exhibit very different properties under
alternative evolutionary models, but as far as we are aware, there have not yet been
any equivalent studies exploring such models in geographical space.
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Phylogenetics and Conservation in New
Zealand: The Long and the Short of It

Steven A. Trewick and Mary Morgan-Richards

Abstract Phylogenetic trees represent the evolutionary relationships of taxa at the
branch tips. Although long branches in a tree can arise because a taxon has no close
relatives, they can also result from other processes; care is needed when inferences
are made from the shape of a phylogeny. New Zealand has many endangered spe-
cies and some biologists infer high evolutionary distinctiveness of these endemics.
Although there is evidence that some New Zealand birds are phylogenetically
distinct using them as a calibration of continental drift vicariance has been mislead-
ing. In reptiles, extensive conservation resources have been devoted to management
of tuatara, in part due to their phylogenetic distinctiveness as sister to all lizards and
snakes. The lack of extant diversity in the tuatara lineage could indicate that this line
will contribute little to biodiversity in the future, in contrast to New Zealand squa-
mates that have radiated to occupy diverse habitats. All life on earth has a common
ancestor so phylogenetic distinctiveness of any organism must be viewed in the
context of the whole. A logical extension of building conservation strategy this way
is a focus on microscopic life because microbes encompass far more diversity than
do eukaryotes. Furthermore, this diversity can be captured in microbiomes such as
soils and marine sponges that include many species and many phyla. To achieve true
phylogenetic representation of life on earth requires conservation of ecosystems.
Although large animals and plants are traditionally chosen as flagship species, a
more impartial approach might focus on microbes that underpin ecosystem
function.
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Introduction

Variously described as a diversity hotspot, Gondwanan remnant and paradise lost to
invasive species (e.g. Daugherty et al. 1993; Gibbs 2006; Lee et al. 2006), New
Zealand presents enormous challenges for conservation (DOC 2000). Key is the
question of how to prioritise management effort and funding (e.g. Cullen 2012;
Walker et al. 2012) and amongst the available tools for prioritisation is phylogenetics
(Margules and Pressey 2000; Purvis et al. 2005; Rolland et al. 2011). Here we con-
sider just two aspects of phylogeny in conservation with reference to New Zealand
biota. First we examine the implications of long branches in phylogenetic trees and
the biological information they might contain. We highlight the role of taxon sam-
pling in the identification of long branches and the biological significance of phylo-
genetic distinctiveness. We then consider a broader view of phylogenetic diversity
including microorganisms that are rarely considered in conservation planning (Nee
2004a, b). As the fountain of phylogenetic diversity, microbial diversity, which also
underpins ecological diversity and ecosystem function, provides scaling for conser-
vation that is not influenced by size, scarcity and marketable appeal. We argue that
the logical extension of a strict application of conservation prioritisation using phy-
logenetic distinctiveness must result in a focus on unicellular organisms that are not
traditionally emphasised. Using data from marine sponges we provide an example
of a micro-environment that is rich in phylogenetic diversity. Diversity-rich micro-
biomes may be the much-needed foci for conservation of higher order biodiversity.

Long Branches and Their Biological Meaning

An avowed objective of conservation is the maintenance of maximum evolutionary
potential (Avise 2005). But as it is not feasible to confidently predict which lineages
will be successful in the future, not least because much that happens in biology is
subject to stochasticism. Retaining maximum evolutionary history might be an
alternative and better, or at least achievable strategy. In this context, taxa at the tips
of long branches attract special attention although a similar level of investment in
representatives of speciose clades is also required to conserve the history repre-
sented by those lineages too.

On the face of it taxa on long branches appear to represent long evolutionary
history. But what is a long branch and what information does it carry (or not carry)
about the past?

Long branches on phylogenetic trees result from one of three processes:

1. The lineage might have evolved without lineage splitting increasing
species diversity. This would involve each new species replaces its immediate
ancestor in succession.

2. The branch/lineage experienced an accelerated rate of molecular evolution in
relation to all others, at the locus providing the (presumed) phylogenetic signal.

3. The clade that includes the taxon in question has been extensively pruned so that
near relatives have been removed.



Phylogenetics and Conservation in New Zealand: The Long and the Short of It 83

Processes 1 and 2 could in themselves constitute evidence of distinctive unusual
evolutionary mechanisms that demand conservation; however this would depend on
verification. For 1, a detailed fossil record would be required to refute the alternative
and more likely hypothesis that the lineage evolved via lineage splitting (Gould and
Eldredge 1993) but has been subject to extinction (as in 3) (Vaux et al. 2015). For 2,
analysis of other gene sequences would be needed to identify if rate variation was
consistent across the genome or was due to gene-specific positive selection. If rate
variation is locus-specific it is highly likely that resulting data are not tree-like, and
hence phylogenetically misleading though interesting in other ways.

Process 3 can be further subdivided by the cause of the deficiency of closely
related taxa. The absence of close relatives could result simply from experimental
failure to sample extant species that are more closely related, or might represent
extinction of other members of the clade at any time in the past. These alternatives
can be readily tested by inclusion of all plausible extant relatives in phylogenetic
analyses. Where a “clade” is truly represented by a singleton (i.e. no closer relatives
exist on the planet), then the sister group corollary has to be considered. Every lin-
eage exists as a sister to another lineage or clade so that taxa at the tips of long
branches are not intrinsically more important in evolutionary terms than those on
short branches. This can be readily demonstrated by the simple expedient of prun-
ing an existing data set (Fig. 1a).

The role of variation in rates of molecular evolution in producing long branches
can be determined from the underlying data. In ideal circumstances, if phylogenetic
reconstruction has used appropriate models of DNA evolution and informative out-
groups, trees with long branches resulting from rate acceleration are expected to look
quite different from those that simply lack near relatives (Fig. 1b). Phylogenetic trees
inferred from molecular data use sampling at time zero (the present) so it is expected
that sequences will change subject to some local rate variation around a mean for a
given taxon group, gene etc. with a relatively small variance (see Bromham and
Penny 2003). Thus, typically, a phylogeny that is subject to local rate variation will
appear unbalanced; branch tips will not be adjacent or nearly so (Fig. 1b). An obvi-
ous situation in which local branch rate might result in a long branch and/or phylo-
genetic misplacement of the node, exists when genes used for tree estimation are
under positive/diversifying selection in some taxa, but are constrained in others.

The relative length of a branch in a phylogenetic tree might be used to direct
conservation strategy in three distinct ways.

1. Species on long naked branches in phylogenies that include the appropriate sam-
ple of extant taxa can be taken as important representation of groups that were
once more diverse, and that represent evolutionary potential that is different from
the sister clade.

2. Species on long branches for which there is phylogenetic evidence of lineage
specific acceleration of molecular evolution can be taken as representing inter-
esting genomes with unusual genetic properties. A long branch of this type might
result from genome-wide rate increase (compared to sister group) or locus-
specific effects and represent specific adaptive traits.



84 S.A. Trewick and M. Morgan-Richards

Fig. 1 Phylogenetic trees illustrate the evolutionary relationships of species. a Influence of sam-
pling on apparent cladogenesis. Pruning branches (grey) from the top phylogeny results in an
apparent long branch for the remaining clade singleton (bottom). b Long branches where (top)
unbalanced branch lengths result from different rates of molecular evolution at the gene used to
make the tree (or wrong outgroup), and (bottom) equal rates of molecular evolution but different
rates of speciation

3. Taxa on short branches nested within a clade, but accompanied by other charac-
ter information on their distinctiveness (morphology, behaviour, habitat type)
could be important representatives of evolutionarily innovative lineages.

For large organisms such as birds and mammals and many plant groups it is rela-
tively easy to know how complete is taxon sampling amongst extant biota. In most
cases existing taxonomy and checklists provide strong indicators. However, for
smaller organisms, classification is often incomplete, taxa are not described and
there are many instances of misclassification because character analysis has been
lacking. Thus the significance of branch length is tempered by other information
and the most phylogenetically diverse types of life on earth are severely
under-represented.

Birds on Long Branches

Our understanding of bird evolution has been advanced rapidly through the use of
molecular phylogenies that have demonstrated that birds began to diversify before
the K/Pg boundary (Cretaceous/Palaeogene, formerly K/T; about 65 million years
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ago) (e.g. Penny and Phillips 2004). This finding countered opinions established on
a formerly deficient fossil record that extinction of dinosaurs and associated fauna
at K/Pg provided the impetus for subsequent bird diversification. Much of this phy-
logenetic work has centred on analysis of mitochondrial genome data (mitogenom-
ics; e.g., Pratt et al. 2009; Morgan-Richards et al. 2008; Slack et al. 2007; Gibbs and
Penny 2010), although multilocus nuclear data have started to be generated from
high throughput DNA sequencing (NGS) and advanced bioinformatics (e.g.,
Hackett et al. 2008; Jetz et al. 2012; McCormack et al. 2013). Recent analyses have
focused on teasing out the timing of lineage formation using calibration with fossils
or other information. Naturally sampling has been directed at representation of
maximum putative taxonomic diversity, especially at the level of orders, and within
this, families. A curious artefact of this approach is a sampling bias reflecting not
biology but researcher location. For instance, in the analysis of Pacheco et al. (2011)
there are many New Zealand birds at the tips of long branches. New Zealand birds
are included as representatives of four orders; Strigiformes (owls), Psittaciformes
(parrots), Coraciiformes (rollers and their relatives) and Passeriformes (song birds),
and three of these represent lineages estimated to have diverged before the K/Pg
boundary (Fig. 2).

On the face of it, this is exciting evidence that New Zealand harbours ancient
bird lineages that could be seen as consistent with the hypothesis that the continen-
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Fig. 2 New Zealand birds on long branches. Part of the mitogenomic phylogeny of modern birds
redrawn from Pacheco et al. (2011), featuring clades arising from the deepest nodes in the tree. The
New Zealand species are indicated on the relevant branches; Morepork/Ruru (Ninox novaesee-
landiae) orange, kakapd (Strigops habroptilus) green, NZ sacred Kingfisher/Kotare (Todiramphus
sanctus) blue, rifleman/ titipounamu (Acanthisitta chloris) pink. Numbers at nodes are estimated
ages in millions of years (Pacheco et al. 2011). Vertical yellow and red dashed lines indicate timing
of Gondwana/Zealandia separation and K/Pg boundary respectively (Images © Sabines’s Sunbird,
Mnolf, Fir0002, digika (respectively) — Wikimedia Commons)
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tal crust of New Zealand has maintained deep phylogenetic diversity since isolation
of Zealandia from Gondwana (Trewick et al. 2007; Landis et al. 2008). However,
including more bird species in the analysis and information about the distributions
of closely related species (within the same genus and family) refutes an inference of
Gondwana origin for most of these. For example morepork/ruru (Ninox novaesee-
landiae) and NZ sacred kingfisher/kotare (Todiramphus sanctus) are species also
found outside of New Zealand (Trewick and Gibbs 2010; Goldberg et al. 2011). In
further analyses, the rifleman/ titipounamu (Acanthisitta chloris) does remain sister
to the rest of the Passerine clade but the dates inferred are more recent than plate
tectonic separation (~40 MYA. Jarvis et al. 2014). An analytical problem associated
with long branches in phylogenetic trees is the tendency for them to be drawn to the
basal nodes. This “long branch attraction” is an artefact of repeated nucleotide sub-
stitution resulting in character convergence by chance, such that shared derived
characters states are not available to counter the effect (see Bergsten 2005). Thus
caution is always required when making inferences from long branches that appear
to have phylogenetically deep origins.

When biogeographic history is used to calibrate molecular clocks the impression
of ancient origins of lineages can be exacerbated. For instance Wright et al. (2008)
studied parrot evolution and used the timing of Zealandia/Gondwana breakup (~80
mya) to calibrate their molecular clock analysis. This approach rested on the
assumption that continental drift resulted in the origin of the lineage leading to
kakapo (see Crisp et al. 2011). This is an appealing idea because the shared strati-
graphic history of Zealandia and Gondwana is well known (Campbell and Hutching
2011), and the kakapo (Strigops habroptilus) shows many derived traits not seen in
other parrots (e.g. flightless, lek breeding, nocturnal). As a result of this calibration
kakapo and another native New Zealand parrot genus (Nestor) were placed on a
branch with its node at about 80 mya, apparently supporting the idea of an ancient
New Zealand origin of Strigopoidea (Wright et al. 2008). The reasoning is however
circular (Waters and Craw 2006), and the underlying assumption clearly falsified.
Wright et al. (2008) themselves noted that some over-sea dispersal of parrot ances-
tors was required to reconcile all parts of their biogeographic analysis. There is
separate direct evidence falsifying the hypothesis that Strigopoidea originated
through ancient breakup of Gondwana and Zealandia; the existence of a distinct
species of Nestor on the geologically young volcanic Norfolk Island (~900 km
north of NZ) until European time. Clearly birds in this lineage retained the ability to
move substantial distances over water (Christidis and Boles 2008).

More recent analyses using multiple fossil calibrations outside the parrots indi-
cate ancestry of this order (Psittaciformes) is probably more recent than both
Gondwana/Zealandia breakup and the K/Pg, (Pacheco et al. 2011; White et al. 2011;
Schweizer et al. 2011; Jarvis et al. 2014). Analyses retain the New Zealand
Strigopoidea as sister to other extant parrots, but inferences about the timing of
evolution of the “unique” traits associated with the tip species (alpine kea, temper-
ate kaka, flightless kakapo) have little to do with the age of the lineage. Neither the
evolution of flightlessness in kakapo nor the current exclusivity of their phyloge-
netic branch to New Zealand can be attributed to the base of the lineage; flightless-
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ness might have evolved anytime since formation of the lineage and extinction of
other members of this lineage that once existed outside New Zealand could have
occurred at any time in the past (see Fig. 1a).

Fossil parrot bones have recently been identified in New Zealand dating to
between 16 and 19 million years ago (Worthy et al. 2011). These have some mor-
phological features in common with the genus Nestor (kaka and kea) that are not
shared with living Australian parrots. There is, however, no available analysis test-
ing the plausibility of alternative systematic classification, and current evidence
does not preclude the former existence of Nestor-like parrots (Strigopoidae) in past
Australia or Antarctica; both are large landmasses that could have supported sup-
posedly New Zealand bird lineages.

Kotare (NZ Sacred kingfisher) and Morepork/Ruru (owl) at the tips of long
branches (Pacheco et al. 2011) can readily be shown to offer spurious information
about the New Zealand biota. Both species also occur outside New Zealand, and
have many near relatives around the world. Thus, where a lineage is represented by
high diversity, the implications of long branches can be readily assessed, but truly
sparse lineages (in the extant biota) remain open to question. In contrast, short edges
are readily understood, but as morphological and behavioural evolution is not clock-
like, species with numerous unusual characteristics might have unexpected close
relatives. For example, the extinct New Zealand eagle (Harpagornis moorei) was
the largest eagle known in the world although it shared a common ancestor with the
Australian Little eagle (Hieraaetus morphonoides) just a few million years ago
(Bunce et al. 2005). Similarly, the takahe (Rallidae, Porphyrio hochstetteri) is flight-
less and the largest of its family, yet is closely related to a common flying species
(Trewick 1997; Garcia-R et al. 2014).

On a Reptilian Limb

The native New Zealand biota includes only two lineages of scaled reptiles
(Squamata), diplodactylid geckos and lygosomine skinks, but it also harbours one
other lepidosaurian lineage that is missing from the rest of the world
(Rhynchocephalia) (Fig. 3a). So although only two of the four reptilian orders are
found in New Zealand, the diversity does span an unparalleled phylogenetic scale
for this group of vertebrates. Furthermore, New Zealand species diversity is high
but only in some parts of the tree (Fig. 3b).

The tuatara (Sphenodon punctatus) is very clearly out on a phylogenetic limb
and naturally this has resulted in much research interest on its ecology (Towns et al.
2007; Mitchell et al. 2010), reproduction (Cree et al. 1992; Cree et al. 1995; Miller
et al. 2009), parasites, immunology (Miller et al. 2007; Godfrey et al. 2010), phylo-
geography (Hay et al. 2009) and conservation (Daugherty et al. 1990). The node
uniting Sphenodon with the geckos and skinks may date to Triassic time (>200
mya), although that does not mean that geckos or skinks or Sphenodon originated
then. In terms of phylogenetic sampling, molecular data for New Zealand lepido-
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sauria is rich, with substantial studies that have drawn on many years of expert
searching (Chapple et al. 2009; Nielsen et al. 2011). There is little likelihood that
major lineages are missing from the analysis through failed sampling. The sampling
of likely relatives from outside New Zealand is also probably now sufficient to pro-
vide confidence that the gecko and skink radiations are each monophyletic and
endemic.

As a representative of a lineage (Rhynchocephalia) that has been otherwise
pruned out, Sphenodon does have important conservation status because a single
species extinction would result in the loss of the entire lineage, not just in New
Zealand but across the globe. In contrast, New Zealand skinks and geckos would
have to undergo extinction of numerous species before their respective stem lin-
eages were lost, and even then they would be lost only in New Zealand; related
skinks and geckos elsewhere would retain the evolutionary potential of the group.

But this sort of thing must have been happening since the dawn of life on earth, and
in terms of taxonomic, biogeographic, ecological, and metabolic diversity, the rhyn-
chocephalids are already extinct. Sphenodon is sadly a museum piece that tells us as
little about evolution of reptiles as it tells us about New Zealand biogeography.
Sphenodon does say something about the influence of extinction on biodiversity but
gives only a tentative hint of the role of natural selection in this process. The global
demise of rhynchocephalia (Jones 2008) corresponds with diversification of squa-
mates, and though it is tempting to see evolutionary cause and effect, there is currently
no strong evidence for this (Evans and Jones 2010). However, in New Zealand, extant
geckos and skinks appear to have diversified from the Miocene onwards (Chapple
et al. 2009; Nielsen et al. 2011), whereas Sphenodon did not (or lost diversity as fast
as it gained it). Even though there is tantalising evidence that an ancestor of the tuatara
might have been present in New Zealand in the Miocene (Jones et al. 2009), there is
no evidence for Sphenodon diversification. Even amongst extensive Holocene fossils,
that include representatives of many vertebrate species extinguished soon after arrival
of humans, there is no additional Sphenodon diversity (Hay et al. 2008).

Because it is already rare and restricted to habitat-modified offshore islands,
Sphenodon conservation does not capture broad ecosystem diversity, although it is
host to an endangered species of tick (Miller et al. 2007). Conversely, the gecko and
skink lineages occupy diverse habitats in forested and open situations from coast-
line to alpine zone; preservation of either or both of those lineages would result in
conservation of ecological diversity across New Zealand. New Zealand geckos are
biologically interesting because of their viviparous mode of reproduction and abil-
ity to occupy alpine habitat; traits that are unique to the lineage and thus of conser-
vation significance.

Long Branches and Phylogenetic Diversity

A measure of a species’ expected contribution to genetic, or evolutionary distinc-
tiveness is derived from its position in a phylogeny that can be used to place a value
on that taxon (see chapters in this book). And as all life on earth has a common
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ancestor (Darwin 1859; Theobald 2010), we can consider the phylogenetic value of
any species in the context of the whole (Fig. 4). This view of life based on DNA
sequences of full genomes reveals that phylogenetic diversity is dominated by
microscopic organisms and conservation of any visible life (fungi, plants, animals)
preserves very little evolutionary distinctiveness (Fig. 4; Ciccarelli et al. 2006).
Thus, as a starting point in the application of phylogenetics to conservation we
should put equal resources into maintaining diversity within the three major lin-
eages (or long branches): Bacteria, Archaea and Eukarya. However, the only species
we know sufficiently well to recognise a decline and have knowledge to remedy are
eukaryotes. In addition, it is the habitats provided by multicellular organisms that
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Fig. 4 Phylogenetic diversity on Earth is dominated by microscopic organisms, as revealed by the
tree of life based on 31 universal protein families (Redrawn from Ciccarelli et al. 2006). Branch
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among popular large creatures (red clade). Some of the more widely known microbes are labelled
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we have invested resources into studying; habitats that host numerous interesting
lineages of Bacteria and Archaea (Eckburg et al. 2005).

Thousands of low-abundance taxa account for most of the observed phylogenetic
diversity in any environment. This “rare biosphere” contains a large proportion of
phylogenetic diversity and represents an enormous contribution to genetic distinc-
tiveness and evolutionary innovation (Sogin et al. 2006; Nee 2004a). After Anton
von Leeuwenhoek first looked at bacteria in lake water and material scraped from
his teeth in the seventeenth century, our understanding and appreciation of the dis-
tribution and abundance of microorganisms advanced relatively slowly. It is now
accelerating rapidly as technological developments allow us to obtain and analyse
large amounts of DNA data directly from environmental samples containing large
numbers of taxa (Lozupone and Knight 2008). Indeed the current state of technol-
ogy means that microbial genomes are tractable objects for whole genome sequenc-
ing. We will soon know whether the 4957 bacterial taxa found in soil of a commercial
apple orchard (Shade et al. 2012) is species rich (but phylogenetically restricted)
compared to a marine plankton net sample with 189 species of zooplankton
(Machida et al. 2009), or human skin with more than 205 species of bacteria from
19 phyla (Grice et al. 2009). Microbial phenotype arrays allow the gathering of far
more precise ecological detail about bacteria than is available for eukaryotes
(Bochner 2008). There is also emerging evidence of additional fundamental types
of life on Earth (Zakaib 2011).

As an example of the known unknowns, consider New Zealand sponges. Sponges
are multicellular (visible) marine animals of the phylum Porifera. In coastal water
around New Zealand 733 species of sponges have been recorded from 20 orders
(Kelly et al. 2006). As with much of the New Zealand fauna (see Trewick and
Morgan-Richards 2009), about 95 % of these are endemic to the region at the spe-
cies level. However, in themselves these species contribute little directly to global
diversity because other closely related species exist elsewhere. Generally sponges
are not endangered, although special regions of high diversity that exist in hydro-
thermal areas and on seamounts are under pressure from benthic trawling (Kelly
et al. 2006, and see Gianni 2004).

Nevertheless conservation of any sponge species or even population contributes
much more; sponges are home to distinct microbial communities (microbiomes) so
the total number of phyla preserved might reach more than 40. Sponges host rich
microorganism communities and with next generation DNA sequencing data the
number of known bacterial phyla in sponges has recently increased (Webster et al.
2010; Schmitt et al. 2012). Although many of the detected phyla are formally
described, such as the Algae, Fungi, Actinobacteria, Chloroflexi (Green non-sulfur
bacteria), Cyanobacteria, Nitrospira, and Proteobacteria (Fig. 5), several new ones
have also been discovered in sponges (Turque et al. 2010; Webster et al. 2010;
Schmitt et al. 2012). A single sponge provides an environment that protects an
impressive array of phylogenetic diversity (Taylor et al. 2007). So how can we best
conserve the phylogenetic diversity harboured inside sponges? Will one species or
one geographic region suffice?
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are named on the tree of life. The sponge pictured is Raspailia topsenti, one of five sympatric
sponge species studied by Schmitt et al. (2011) from New Zealand coastal waters (Phylogeny
redrawn from Ciccarelli et al. 2006. Image © Katie Dowle)

Samples from eight locations around the world detected 2567 bacterial taxa rep-
resenting 22 phyla living inside sponges (Schmitt et al. 2012), while three species
of Australian sponge held a total of 2996 bacteria taxa from 36 phyla (Webster et al.
2010). Different sponge species from the same environment possess distinct symbi-
otic communities. Some components of their bacterial communities appear to be
passed from parent to offspring while other components are acquired from the sur-
rounding seawater (Webster et al. 2010; Schmitt et al. 2012). Thus, although a few
bacteria are found in all sponges the majority are either host or region specific. For
example tropical sponges have microbial communities that are more similar to each
other than to the communities in subtropical sponges.

Schmitt et al. (2011) collected five sponge species from a single bay on the coast
of New Zealand. By focusing on just the bacteria that are members of the phylum
Chloroflexi they compared species diversity between sponges with either high or
low microbial abundance, and contrasted this with Chloroflexi diversity in the sur-
rounding seawater. Fifty-eight species of Chloroflexi were recorded from inside the
sponges, but only three species in the seawater (Schmitt et al. 2011). About half
these taxa were new to science. Ecologically important roles and specific associa-
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tions of Chloroflexi bacteria were inferred for the sponge species with high micro-
bial abundance as the majority of their bacteria fell into sponge-specific and
sponge-coral phylogenetic lineages (Schmitt et al. 2011). Thus any single sponge
species houses plenty of phylogenetic diversity but if we want to conserve all lin-
eages that are restricted to sponges, we need to conserve more than one sponge
species.

Phylogenetic Extremities

Is it feasible to prioritize for conservation the phylogenetic extremities of life? In
fact there is no need to because microbes and peculiar multicellular organisms such
as kakapo, takah€ and tuatara are intimately linked. A kakapo could not function if
it and its physical environment were stripped of all microbes. In this respect Kakapo,
like marine sponges are loose assemblies of disparate genomes. Ecosystem function
tends to be viewed at the macroscopic scale, but this is only because the tools to
visualise the much more extensive and complex underworld have only recently
become available. Most, if not all, ecosystem processes are mediated by micro-
scopic life.

Conclusions

Kakapo do not need a long phylogenetic branch (thought they are on one) to justify
their conservation; their distinctive ecological traits are sufficient reason to protect
them. However, it is readily demonstrated, if not quantified, that an environment
capable of sustaining a viable population of this species would also sustain many
other taxa from soil bacteria to trees. Similarly, takah& (Aves, Rallidae, Porphyrio)
deserve protection because of their unusual ecological traits representing evolution-
ary adaptations lost elsewhere in the world through recent extinction, though takahe
are on a much shorter branch from their shared ancestor with a common living spe-
cies, than is the kakapo. Species’ radiations such as geckos need a quite different
strategy that does not rely on long-branch status, to maintain their diversity, unusual
traits and associated communities. However, conservation of the substantive part of
diversity of life on Earth will benefit from next generation sequencing and emerging
bioinformatics tools that can identify assemblages of deeply divergent lineages
within definable, manageable biomes. Microbiomes are not well understood, and
therefore we are not well placed to determine which environments are home to the
greatest phylogenetic diversity. Until we have comparative data, we must strive to
maximize retention of ecosystem diversity on Earth, from human guts to forest
soils, parrot feathers to rocky shores. To maximise conservation of evolutionary
potential on Earth we need to pay more attention to our planet’s microbial diversity
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and in doing so maintain ecosystem process to the benefit of the large appealing
species that are so popular.

Organic life beneath the shoreless waves

Was born and nurs’d in ocean’s pearly caves;

First forms minute, unseen by spheric glass,

Move on the mud, or pierce the watery mass,

(From The Temple of Nature. Erasmus Darwin 1802)
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What Is the Meaning of Extreme Phylogenetic
Diversity? The Case of Phylogenetic Relict
Species

Philippe Grandcolas and Steven A. Trewick

Abstract A relict is a species that remains from a group largely extinct. It can be
identified according both to a phylogenetic analysis and to a fossil record of extinc-
tion. Conserving a relict species will amount to conserve the unique representative
of a particular phylogenetic group and its combination of potentially original char-
acters, thus lots of phylogenetic diversity. However, the focus on these original char-
acters, often seen as archaic or primitive, commonly brought erroneous ideas.
Actually, relict species are not necessarily old within their group and they can show
as much genetic diversity as any species. A phylogenetic relict species can be geo-
graphically or climatically restricted or not. Empirical studies have often shown that
relicts are at particular risks of extinction. The term relict should not be used for
putting a misleading emphasis on remnant or isolated populations. In conclusion,
relict species are extreme cases of phylogenetic diversity, often endangered and
with high symbolic value, of important value for conservation.

Keywords Geological extinction ¢ Genetic diversity ¢ Species age * Endemism
Remnant

Introduction

Why does phylogenetic diversity (or evolutionary distinctiveness) dramatically
matter for biodiversity conservation? The answer to this question first posed by
Vane-Wright et al. (1991) and Faith (1992) is often illustrated with examples of
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emblematical and unique species. Such exemplar species that speak to everyone
from layperson to scientist, include the Coelacanth fish, the Tuatara squamate, the
Kiwi bird, the Platypus mammal, the Ginkgo tree, etc. All these species are said to
be relict, because they represent groups that are mostly extinct (Grandcolas et al.
2014). The message is that these species should be cared for, because their extinc-
tion would cause a loss of information about distinct sections of life on Earth and
their evolution. Generally, this powerful message is naively extended to characterize
the place where these species are found, implying that the biota as a whole is a kind
of Noah’s ark, globally worthy of consideration for conservation biology (see for
example, Gibbs 2006 for the case of New Zealand, or Thorne 1999 for Asia).

To our knowledge, everyone agrees with these views and even the most hard-
hearted companies or governments would difficulty take responsibility for destroy-
ing such emblematical “survivors”. The public message in endorsing this destruction
would be that they are the fools that spoil unique multimillion year antiques, even
worse than to break a Vase de Soissons into thousands of pieces or to lacerate a deli-
cate and wonderfully conserved Da Vinci painting. Even if very consensual, such
emotive views about relicts and biodiversity conservation are still often presented
informally, which prevent them to be fully scientific, i.e. theoretically justified,
measurable and repeatable.

If then we try to set aside the emotional aspects of these views about relicts, what
remains for conservation biology as a rational argument? Do relicts actually repre-
sent invaluable species for conservation purposes and why? Are they particularly
exotic cases that do not account for most situations encountered by land managers
or are they extreme cases of common situations? To answer these questions, we
need to carefully define relicts with phylogenetic and paleontological tools. The
properties of such characterizations need to be explored regarding the most impor-
tant issues in conservation biology.

What Then, Is a Relict Species?

By definition, a relict is something that remains from an entity that has mostly dis-
appeared (Merriam-Webster 2014; Lincoln et al. 1982). In evolutionary biology, a
relict species remains of a group that is mainly extinct (Grandcolas et al. 2014;
Fig. 1). The basis for this inference is the observation that a species stands alone on
a long phylogenetic branch, by comparison with a larger sister-group, because of
extinctions that occurred since the emergence of the stem group (Fig. 1). Formally,
identifying a relict species requires comparison of sister-groups with different spe-
cies numbers and characterization of extinction rates using phylogenetic tools on
molecular trees (e.g., Ricklefs 2007; Rabosky 2006). This is the notion of phyloge-
netic relict species is distinct from geographical or environmental or climatic relict
species where the relict state is defined according to spatial restriction supposedly
arising from extinction of relatives in other parts of the geographical or ecological
space (Habel and Assmann 2010; Hampe and Jump 2011). Here we will focus on
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Fig. 1 Two different clades with a relict species “R” remaining after species extinctions () in the
right part of the clade. In the clade on the left (a), the relict is among the most recent species as
indicated by the position on the time axis (dotted line) while in the clade on the right (b), the relict
is among the most ancient species. It must be reminded that in most cases with lack of fossil
record, the clade would look like the third one on the bottom of the figure (c), with the relict species
alone on a long branch whose age is difficult to evaluate (c is like clade a or b)

the concept of phylogenetic relict species that is more relevant to phylogenetic
diversity. We then briefly consider the concept of geographic or climatic relict spe-
cies to pinpoint when it has some added value for conservation purposes. These
geographical or climatic relict populations could be better called “remnants” in
order to avoid confusion with relict species.

When dealing with presumptive relicts in a tree, it is first necessary to check that
such long phylogenetic branches are not artifacts generated by problems of tree
construction. The most common problem of this kind is long-branch attraction
when the analysis of molecular data tends to draw together long branches because
of sampling deficiency or fast-evolving molecular markers (Bergsten 2005). A spe-
cies may be placed onto such an artificially long branch when the inference proce-
dure does not find closely related species, either because they are lacking in the
taxon sample of the analysis or because selected DNA sequences have diverged
much faster, erasing the information of relatedness. Such naked branches frequently
become artificially long because they fall to the base of the reconstructed tree. This
problem can look trivial but could occur more and more frequently when phyloge-
netic analyses are performed at community level within the framework of metage-
nomics: local and community-focused sampling will not necessarily ensure a
reasonable taxonomic coverage and could generate more artifacts than traditional
and taxonomy-focused phylogenetic studies.

Second, two theoretical cases have been distinguished among phylogenetic relict
species: species that survived an extinction event depleting their group and species
belonging to groups that never speciated much (Table 1). Simpson (1944) named
them numerical and phylogenetic relicts, respectively. Actually, real situations are
inevitably a mix of these two theoretical cases; even in small clades, the relict
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Table 1 Theoretical characteristics of the different kinds of relicts with reference to the
evolutionary process involved, the criterion of characterization and the origin of the deep and long
branch. Any real situation is actually a combination of the two first theoretical cases and of the
third one to different extents. The third case, the geographical or climatic relict, is not necessarily
a relict sensu stricto but merely a remnant, if not positioned on a deep long branch

Evolutionary
Kinds of relict process Criterion Deep long branch
“Numerical” relict Extinction Fossil record Built on extinction
“Phylogenetic” relict Low speciation | Molecular rate Built on time
Geographical or climatic Area restriction | Fossil record or Not necessarily
“relict” distribution

remains from a larger group because extinction rates are never totally zero.
Estimating the degree to which long branches have been generated by extinction or
by evolutionary stasis requires a combination of data from different research fields.
A long molecular branch, whatever its origin, will be most often diagnosed as the
result of extinction by methods of “lineage through time” plots (Ricklefs 2007;
Quental and Marshall 2010). Paleontological evidence is needed in addition to
molecular trees. If a group is known to have been much more speciose in the past, it
strongly indicates that the relict actually remains from a much larger and extinct
group. From this criterion comes the famous term “living fossil” coined by Darwin
(1876) himself: these “like fossils, connect to a certain extent orders at present
widely sundered in the natural scale.” Living fossil is however a misleading term
because it could lead to the belief that relicts remain globally similar to related fossil
taxa through some type of generalized evolutionary stasis (e.g., Eldredge 1987;
Eldredge et al. 2005; Parsons 2005). Evolutionary stasis is exceedingly difficult to
diagnose since we can always expect to unveil differentiation when we observe
more characters in the so-called living fossil and therefore to discard the stasis
hypothesis. Actually, none of the classic relicts has ever been found similar to early
fossil relatives after closer investigation, therefore refuting the idea of a generalized
evolutionary stasis. For example, the venom in Platypus is not archaic but totally
original, neither squamate nor mammal-type (O’Brien 2008), the coelacanth fish is
originally modern in its reproduction mode, being ovoviviparous (Casane and
Laurenti 2013). The term “panchronic” (e.g., Janvier 2007) has also been used in
this way with the same wrong assumption that relict taxa did not evolve.
Operationally, identifying relict most frequently relies on the phylogenetic crite-
rion because many groups have scanty paleontological records. To what extent this
is helpful and meaningful, given the limitations of “lineage through time” plots
(Quental and Marshall 2010; Crisp and Cook 2009; Dowle et al. 2013) is unclear.
The results obtained in macroevolutionary analyses are always reconstructions from
the past, based on incomplete samples and await confirmation by more studies;
proposal of a relict species requires a dedicated search for auxiliary evidence for
extinction, including an improved fossil record (Grandcolas et al. 2014).
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Given this generally accepted definition (e.g., Simpson 1944; Brooks and
McLennan 1991), a relict is a species that will show a high phylogenetic diversity
score according to any metric (Rodrigues et al. 2005). This is a species that is on a
relatively long branch that separated from the remainder of the clade under consid-
eration (i.e. the relict and its sister-group). Therefore, both the position of the spe-
cies in the phylogenetic topology and the amount of divergence are remarkable.
Conserving a relict will contribute to preservation of a species with unique phyloge-
netic information and with many distinctive (say autapomorphic) characters.

What a Relict Species Is Not?

Most of the problems with the concept of relicts come from associated concepts that
are not formally part of this definition. Because they are survivors, relicts are often
misleadingly considered as “missing links”, “living ancestors” or “primitive or
basal taxa.” These three last notions are based on a still common misunderstanding
of most basic issues in phylogenetics and evolutionary biology (Crisp and Cook
2005). They are based on the fallacious generalization to the whole species of phy-
logenetic results obtained on very small and biased samples of characters, suggest-
ing that a species would be globally “intermediate” or “primitive.” In a classic case
of circular reasoning, a few remarkably “primitive” characters observed in a living
species are traditionally considered to have originated very deep in the Tree of Life
and are misleadingly considered diagnostic of the globally primitive state of this
species and vice versa. The assumption is that searching for other characters would
necessarily show that they are also in a primitive state. This assumption is naive
because there are no reasons to assume that billions of phenotypic or genomic char-
acters in the same species have all been subject to a global evolutionary stasis. In
addition, this assumption has never been empirically met when such species are
studied further.

For example, Mastotermes darwiniensis, the sister group to all other termites is
present today only in Australia but found worldwide in the fossil record. It has pro-
foundly archaic wing venation, egg laying and female genitalia, but it also shows an
amazingly derived and multiflagellate spermatozoid (Legendre et al. 2008; Abe
et al. 2000). The small tree Amborella trichopoda that is endemic to New Caledonia
is considered to be the sister group to all flowering plants (Soltis et al. 2002). It has
very often been used as a proxy for the ancestral state of many phenotypic traits
(e.g., Friedman and Ryerson 2009). However, its mitochondrial genome is amaz-
ingly modern and composite, resulting from many horizontal transfers from diverse
organisms (Bergthorsson et al. 2004; Rice et al. 2013). There is no organism where
all characters are primitive or intermediate like a living ancestor. According to the
principles of phylogenetics, it is well recognized that an ancestor with all characters
plesiomorphic is therefore by nature paraphyletic and could not be characterized or
identified by even only one apomorphy (Nelson 1970; Engelmann and Wiley 1977).
In addition, and from a semantic point of view, the term “basal” is nonsensical since
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two sister-groups are the same rank, one cannot be basal to the other (Krell and
Cranston 2004).

An interesting and neglected characteristic of a relict having survived extinctions
is that it is not necessarily a “deep-branching” or “old” species (Fig. 1a); the species
could have branched either recently or deeply within a group of which most mem-
bers of which are already gone (Grandcolas et al. 2014). A molecular phylogenetic
study, based only on extant taxa, will not be able to distinguish the age of the species
from lineage age (Fig. 1c), unless it permits the discovery of genetic diversity within
the crown group species (i.e. several species that were previously confused or sev-
eral haplotypes within the same species) which will allow the distinction from the
stem group. This possibility has been recently illustrated by exemplary studies bear-
ing on famous relict taxa: the coelacanth fishes (Inoue et al. 2005), the cycad plants
(Nagalingum et al. 2011), and the gymnosperms as a whole (Crisp and Cook 2011).
In these cases, the extant species have been dated as recently differentiated in very
old clades that mostly went extinct long ago. Therefore, conserving a relict does not
conserve an ancestor or a particular stage of an old evolutionary history but a unique
combination of character states representing a larger but mainly extinct group.

Are Relict Species Evolutionarily Frozen?

We mentioned that taking relicts as living ancestors is an obviously fallacious infer-
ence, but this point of view has also been formulated in less exaggerated and mis-
leading terms. For example, relicts have often been considered to have lower
evolutionary rates, being in someway evolutionarily frozen (e.g., Amemiya et al.
2010), which would explain why they did not speciate giving rise to a large group.
Parsons (2005) defended the idea that those relicts that live in very specialized and
stable niches (e.g., hypersaline biota) would not be subjected to many biotic interac-
tions, preventing any further adaptive change. The same kind of reasoning has been
applied to other supposedly narrow niches (Ricklefs 2005), from caves (Gibert and
Deharveng 2002; Assmann et al. 2010), deep-sea vents (Van Dover et al. 2002) and
oceanic islands (Cronk 1992). The rationale is that the relict is subjected to little
diversifying selection in a stable niche, so there is little anagenetic change in the
lineage. Darwin (1876: 83—-84) himself expressed this for what he called living fos-
sils: “they have endured to the present day, from having inhabited a confined area,
and from having been exposed to less varied, and therefore less severe, competi-
tion.” Adopting this view, some biologists have questioned the evolutionary value
and potential of relicts (e.g., Erwin 1991; Myers and Knoll 2001; Mace and Purvis
2008). Some also doubted the extent to which phylogenetic diversity is an all-pur-
pose criterion to measure the importance of species (Winter et al. 2013): phyloge-
netic diversity may indicate which species are evolutionarily unique, but does it
indicate also which species have evolutionary potential and ability to evolve and to
adapt further in a changing world, or both? What use is there for conserving a relict
informing about past evolution if it represents the living dead, unable to adapt and
soon extinct when facing the next environmental changes?
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If all relicts really proved to be frozen or genetically depauperate and unable to
evolve, their conservational value would be actually highly decreased. However, we
should suspect that these wide generalizations may not always be correct and a brief
literature review readily shows that they do not correspond to many real situations.
For example, several case studies have shown that coelacanth fishes (Holder et al.
1999; Casane and Laurenti 2013), and also horseshoe crabs (Avise et al. 1994) have
a polymorphic genetic structure, even in spite of their globally conserved genome.
Recent studies also showed in some relict species, the tuataras or the Cercidiphyllum
trees, two other emblematical relict species, the same pattern of mutational and
retention of population genetic diversity as in other species (Hay et al. 2008; Qi
et al. 2012). More generally, Casane and Laurenti (2013) also warned not to use raw
population genetic diversity as a proxy for documenting evolutionary rate or stasis,
as it depends on the population size or on the selection forces that could hide high
mutation rate. The computation of evolutionary rates also strongly depends on the
scale of sampling through generations.

Conserving a relict species is therefore not just a way to save high organismic
diversity and it is not at odds with retaining potential for future evolution. Recent
empirical and theoretical studies have pointed out that conserving a phylogeneti-
cally diverse set of species could be a bet-hedging strategy that allows retention of
species with most diverse characteristics of any kind, including evolutionary poten-
tial in the short term, i.e. adaptiveness (Faith 1992 chapter 3; Forest et al. 2007;
Steel et al. 2007; Davies et al. 2008; Davies and Cadotte 2011; Fjeldsa et al. 2012;
Lean and Maclaurin chapter “The Value of Phylogenetic Diversity”). Actually, this
potential should better be measured and evaluated in each case and not assumed
from a priori conceptions of evolutionary stasis. Predicting the evolutionary poten-
tial of species on the long term (potential for speciating and radiating) is another
issue, actually not feasible from any of their present characteristics (Barraclough
and Davies 2005; Winter et al. 2013). We should however remember that the evolu-
tionary record of hundreds of millions years told us many cases of strong diversifi-
cations in groups that were first strongly depleted (e.g., Neoaves, Eutherian
mammals, etc.) Even if we cannot predict the future of a present relict species in
thousands or millions of years, we should at least consider that it is actually not
necessarily closed in terms of potential for surviving and diversifying, given what
we know from the past histories of other several groups.

Is There a Geographical or a Climatic Component
to the Notion of Relictness?

In the earliest papers on the subject, species were considered relicts according to an
inexplicit mixture of several components: taxonomic (now phylogenetic), climatic
(e.g., the famous glacial relicts) and geographic (Darwin 1876; Simpson 1944;
Darlington 1957; Holmquist 1962; Cronk 1992). All were considered because some
species show relict features under each of these criteria, being both phylogenetic
and geographic relicts. More recently, Parsons (2005) has drawn some interesting
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inferences about the reasons why relicts (that he also called living fossils) can be
geographically limited or not. A typical and often cited case is the tree Gingko
biloba, found today only in a region of China and an amazing phylogenetic relict of
the large group of Gingkoales well known from the Cretaceous fossil record (Zhou
2009). This coincidence of criteria is however not always the case and some con-
spicuous phylogenetic relicts are quite widely distributed, including the horseshoe
crab (e.g., Selander et al. 1970) and some tropical bird species (Fjeldsa 1994). It
appears then that the geographic or environmental criterion is secondary. Sometimes
it fits, sometimes it does not, and all relict species need first to be documented on a
phylogenetic basis. A “remnant” species strongly restricted geographically (typi-
cally isolated or peripheral) is not necessarily a relict that is isolated by extinction
of its closest relatives. Phylogenetic or genetic studies could infer other less expected
scenarios. The related group of the remnant could have been affected by both extinc-
tion and increase of neighboring distributions or the remnant may have originated
after a dispersal event from a large distribution source (Fig. 2).

The traditional view of geographical restriction still expressed by various authors
also considers the territories harboring one or several famous relicts as antique ref-
uges (Gibbs 2006; Heads 2009). Generally, this biogeographic reasoning is quite
circular, justifying the presence of relicts by the old geological age of the deep base-
ment and considering it as a Noah’s Ark (without consideration for more recent and
decisive paleogeographic events such as land submersion, major climatic changes,
etc.) and vice versa, without searching for independent biological evidence (Waters

o OOOOOC T IS

Fig. 2 Two theoretical examples showing how the assumption that a geographically restricted or
peripheral species is a relict can be falsified. These examples should be examined first with respect
to distribution areas only (upper part of the figure), and then with consideration for the phyloge-
netic tree and extinctions events ( and spotted lines, lower part). In both cases, R? was falsely
believed to be a relict on a geographical basis alone (most peripheral and smallest distribution area)
while the actual relict X was not identified as such. In the first case (a), the species X was not
detected as a relict in the lineage because the distribution area of a neighboring species increased
since the extinction of relatives. In the second case (b), the species R? was the most peripheral and
isolated one because of a dispersal event from the zone where all the other species of the group
were located including the species that went extinct
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and Craw 2006). Actually, the fact that a relict remains from a larger group that is
mainly extinct is a specific circumstance that makes difficult any inference of local
permanence because relatives have disappeared and cannot therefore inform about
the evolution of the distribution (Grandcolas et al. 2014).

Being a phylogenetic and a geographical relict at the same time is a frequent case
and it brings even more concern for conservation. The relict species is then not only
evolutionarily unique but also particularly vulnerable in case of local disturbance
because of its limitation to a reduced area. As emphasized by Rodrigues et al.
(2005), if this relict occurs in a small area that is not species-rich, it is even more
potentially endangered because conservation actions will not be undertaken for
other reasons.

There is however a recent trend to define as relicts some narrowly distributed or
isolated populations when the species distribution is fragmented, even if the
evolutionary status or phylogenetic position of these populations is either not known
or presumptively not “deep-branching” and even if there is no evidence that this
isolation was caused by the extinction of some related populations (Habel and
Assmann 2010; Hampe and Jump 2011). Perhaps, dispersal caused the fragmented
distribution (Fig. 2)? Population and conservation biologists wish to point out that
such fragmented, isolated or remnant populations are worthy of further investiga-
tion or consideration for conservation (e.g., Laurance and Bierregaard 1997). In our
opinion, this trend is confusing and brings polysemy within the term “relict.”
Surviving extinctions as evidenced by phylogeny or the fossil record for whole spe-
cies is not the same as having a decreasing or a fragmented distribution area for
some populations within a species even if it involves some genetic differentiation
(see even Watson 2002, who applies “relict” to the species present in forest frag-
ments prior to fragmentation). Such short-lived population changes are likely fre-
quent and dynamic, as shown by paleoenvironmental studies. One could assume
that geographically relict populations are phylogenetically relict species in statu
nascendi, but there is not (yet) evidence for that. We should be patient and wait for
a few thousands of years at least before making our judgement... This is the reason
why we proposed that the term relict should only be employed for phylogenetic
relict species only. The so-called climatic or geographical relicts should then be bet-
ter called “remnants” and qualifying the target category (population, forest frag-
ment, etc.), for example, a climatic remnant population or a geographic remnant
population (see Eriksson 2000 for a clarification and their possible functional
importance).

From the point of view of conservation biology, this clarification is clearly
needed and it permits distinction between two different cases. A phylogenetic and
possibly geographical relict species must be considered for conservation since it
contributes to organismic phylogenetic diversity and is possibly geographically or
ecologically vulnerable. A climatic remnant population may just increase local
diversity by the presence of one more species and, more significantly, may contrib-
ute to inform about interesting historical or ecological processes of distributional
changes (Hampe and Jump 2011). The remnant population is neither necessarily
deeply rooted into the history of the lineage nor remaining from a larger set. This
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has to be eventually documented. Other cases of small distribution areas (for exam-
ple, newly established populations of expanding species) are still another case, nei-
ther relict species nor remnant populations, but population isolates.

Relictness: A Relative Notion and the Need for Formal
Analyses

The term relict is generally employed either for emblematic taxa or for well-defined
situations where taxonomic, phylogenetic and paleontological characterizations are
established from previous studies and publications. This definition generally
embodies the relict species, its very large sister-group, the paleontological record
and the geographic restriction if any. For example, the relict Amborella trichopoda
is the sister-group of all other flowering plants and it is only found in New Caledonia
(Soltis et al. 2002). But relictness is not a particular state of a character that can be
distinguished unambiguously from other and different states. Like most other class-
level characterizations such as rarity, specialization or endemism (e.g., Rabinowitz
1981; Futuyma and Moreno 1988; Anderson 1994), relictness is a relative and com-
posite situation that needs to be established by comparison, and in every case by
phylogenetic comparison. Strictly speaking, we should not say Amborella trichop-
oda is “a relict” but Amborella trichopoda is “a relict species for flowering plants.”
This comparison is based on topology and branch lengths that depend on the taxon
and character samples used to build the tree. This way, within flowering plants, there
are many groups that stand isolated on long branches and could be called relicts,
such as Welwitschia, Ephedra, etc., actually hundred of species among hundreds of
thousands of plant lineages (for examples see Jacobson and Lester 2003; Dilcher
et al. 2005). As it is set by comparison between sister-groups within a phylogenetic
tree, characterization as a relict will depend on the taxon sample used in that tree.
For non-phylogeneticists, this could sound like a limitation of this notion that makes
it less useful. Actually, a statement of relictness needs to be based on a formal phy-
logenetic analysis conducted on a given set of taxa. Depending on the tree obtained,
a gap analysis can show that one or several branches have exceptional lengths and
originate deep in the tree. These branches and their terminal taxa can be named
relict taxa. This is required to implement the phylogenetic diversity criterion for
conservation, characterizing the extreme case of relicts at the same time.

Relicts and Ecosystem Functioning

Macroevolutionary studies of this type might appear to be far removed from the real
nowaday’s world where ecosystems must function and populations must be viable
to be conserved. Actually, historical and functional views are not opposed or
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disconnected (Brooks and McLennan 1991; Grandcolas 1998). Current research
(e.g., Elias et al. 2013) in the framework of community phylogenetics (Ricklefs and
Latham 1992; Webb et al. 2002) shows that trophic webs have a phylogenetic struc-
ture. Phylogenetic niche conservatism mitigated by exploitative competition means
that related species can have similar resource use (Cadotte et al. 2008; but see
Mouquet et al. 2012). In this theoretical framework, a relict is then expected to
exploit a unique niche, a prediction consistent with some of the adaptive explana-
tions cited above (e.g., Parsons 2005), that relicts can be highly specialized (but
inconsistent with relicts as generalists).

Therefore, maximizing phylogenetic diversity for conservation can be expected
to select for species whose resource use is unique (Srivastava et al. 2012; Winter
et al. 2013). In cases where relicts are found in a very stable and specialized habitat
harboring small communities, this original resource use might implicate a key eco-
system service (e.g., Gibert and Deharveng 2002). At the extreme, structuring eco-
logical communities by conserving species on the basis of phylogenetic diversity
should select against loss of function in communities, by retaining species with
lower niche overlap even if ecological redundancy is decreased.

Relict Species and Present Extinction Risks

Relict species are therefore extreme cases of phylogenetic diversity and conserving
them is of outstanding interest. In addition, they are not the living dead some people
see them, which would have no viable populations or be unable to evolve or diver-
sify again, as pictured by some people. In terms of conservation biology, however,
we should not only consider whether they are valuable in themselves for conserva-
tion but also if they are at higher present extinction risk because of global change
and human activities. As detailed by Yessoufou and Davies (chapter “Reconsidering
the Loss of Evolutionary History: How Does Non-random Extinction Prune the
Tree-of-Life?”), statistical studies suggest that species-poor, monotypic families,
small genera and old groups in mammals, birds and plants — in other words, poten-
tially relicts — are all more prone to extinction (Gaston and Blackburn 1997; Russell
et al. 1998; Purvis et al. 2000; Meijaard et al. 2008; Vamosi and Wilson 2008;
Lépez-Pujol and Ren 2010). The causes of this situation probably lie in heritable
phenotypic traits associated with long branches in these groups (Grandcolas et al.
2011). Even if these studies are biased by focusing on a few well-known groups
(mammals, birds and plants) and by using proxies as red lists or meta-analyses for
estimating extinction risks, they undoubtedly showed that present extinction could
potentially have pernicious effects that were not suspected a priori (Nee and May
1997), by destroying proportionally more evolutionarily unique species. These
results require more attention and future analyses should turn toward identifying the
phenotypic characters that increase present vulnerability. It should not be assumed
however that modern and past extinction risks are the same. The reasoning can be
inverted; relicts are successful survivors from past geological times that could resist
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any present global change, unless global change is fundamentally different from
previous extinction crises.

Relicts are not only worthwhile to conserve by themselves because they are evo-
lutionarily unique. They can also be at higher present extinction risks for pheno-
typic reasons that remain to explore in every case. Independently from any
phenotypic effect, geographical or climatic relictness and therefore a small distribu-
tion area can also be a source of vulnerability in itself.

Relict Species and Conservation Biology: A Final Appraisal

Relict species, even if not all famous and rooted in very deep histories such as
Platypus or Gingko, have been used as a powerful metaphor for explaining the use
of phylogenetic diversity in the framework of conservation biology. We have seen
that this is appropriate since relicts do represent an extreme case of phylogenetic
diversity (Rodrigues et al. 2005). Relicts help understanding that some species can
have a unique and decisive historical value, beyond strictly numerical consider-
ations involving species counts or metrics measurements. From this qualitative
point of view, phylogenetic diversity has already been given a lot of consideration
(contra Winter et al. 2013; but see Rosauer and Mooers 2013). A growing body of
research also shows that relict species are probably at higher present risk of extinc-
tion, which qualifies them for conservation planning from both perspectives.

Unfortunately, the metaphor has also been a vehicle for several misconceptions,
that relicts are also living ancestors, basal taxa, or missing links. Even if these most
outdated ideas are extirpated, there remains the tendency of some modern conserva-
tion biologists to erroneously conceive relicts as old species with poor evolutionary
potential.

One important message of this chapter is therefore to explain why this later con-
ception cannot be generalized or taken as true a priori. When dealing with relicts
and phylogenetic diversity in general, it must always be recalled that the present
diversity is the result of the balance between past speciation and past extinction.
This way, relicts remain from larger groups partly extinct. The consequence is that
any computation of their age will be strongly biased if the past occurrence of extinct
species is not taken into account. The age of the relict species could be equated
naively with the age of the crown group and the base of the branch, when it might
actually be quite recent. In addition, the evolutionary rate of the relict lineage should
be measured and not just assumed to be generally low by focusing on a minority of
emblematical phenotypic characters that remained stable over long time periods.

Conserving organismic diversity requires consideration for “the whole real guts
of evolution — which is, how do you come to have horses, and tigers, and things”
(Waddington (1967) quoted by Eldredge and Cracraft (1980)). But such a historical
view is not at odds with conserving a functional world and a world still keeping
some evolutionary potential. There are not two different worlds, the one with the
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animals of the zoo and the other with balanced trophic relationships and resilience
to global environmental changes.

The other confusion to avoid is that relicts are not simply geographic or ecologi-
cal remnants. Part of a population can remain in a habitat patch after ecosystem
fragmentation without being evolutionarily relict. Using the term “relict” to put
emphasis on any isolate or remnant biological entity is unhelpful and confusing.

The metaphor of relicts is not only useful to explain the scientific importance of
phylogenetic diversity but also has added political value for the development of
public conservation planning. Because of its emblematical value, a relict is poten-
tially a flag species whose presence in a location could help promote conservation.
Because of their importance, the position and the characteristics of such relict taxa
must be even more accurately specified. We should focus on knowing better to
conserve better.
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Daniel P. Faith

Abstract The PD phylogenetic diversity measure provides a measure of biodiversity
that reflects variety at the level of features, among species or other taxa. PD is based
on a simple model which assumes that shared ancestry explains shared features.
PD provides a family of calculations that operate as if we were directly counting up
features of taxa. PD-dissimilarity or phylogenetic beta diversity compares the
branches/features represented by two different areas. We also can consider a com-
panion model, which shifts the focus to shared habitat/environment among taxa as
the explanation of shared features, including those features not explained by shared
ancestry and PD. That model means that PD-dissimilarities, among sampled and
unsampled sites, can be predicted using a regression method applied to distances in
an environmental-gradients space. However, PD-based conservation planning
requires more than the dissimilarities among all sites, in order to make decisions
informed by gains and losses of branches/features. The companion model also sug-
gests how to transform dissimilarities to provide these needed estimates. This ED
(“Environmental Diversity”) method out-performs other suggested strategies for
analysis of dissimilarities, including the Ferrier et al. method and the Arponen et al.
method. The global biodiversity observation network (GEO BON) can use the ED
method for inferences of biodiversity change that include loss of phylogenetic
diversity.
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Introduction

This book addresses important concepts, methods, and applications related to the
role of evolutionary history in biodiversity conservation. In the chapter “The PD
Phylogenetic Diversity Framework: Linking Evolutionary History to Feature
Diversity for Biodiversity Conservation” (Faith 2015a), I reviewed the reasons why
we want to conserve evolutionary history. An important rationale is that the tree of
life is a storehouse of variation among taxa, and so provides possible future benefits
for humans (for discussion, see Faith et al. 2010). I also reviewed the justifications
for a specific biodiversity measure. It interprets the degree of representation of evo-
lutionary history as a phylogenetic measure of biodiversity, or “phylogenetic diver-
sity”. This measure of phylogenetic diversity, called “PD” (Faith 1992a, b) is
justified as a useful biodiversity measure through its link to “feature diversity”.
Feature diversity represents biodiversity “option values” — the term we use to refer
to all those potential future benefits for humans — and so is well-justified as a target
for biodiversity conservation. Forest et al. (2007) provide a good exemplar study,
illustrating how PD links to feature diversity and to food, medicine, and other ben-
efits to humans.

Faith (2002) summarised the link between evolutionary history, PD, and features
as follows: “representation of “evolutionary history” (Faith 1994) encompassing
processes of cladogenesis and anagenesis is assumed to provide representation of
the feature diversity of organisms. Specifically, the phylogenetic diversity (PD)
measure estimates the relative feature diversity of any nominated set of species by
the sum of the lengths of all those phylogenetic branches spanned by the set...”

The calculation of the PD for a given subset of species (sampled from a phyloge-
netic tree) is quite simple. It is given by the minimum total length of all the phylo-
genetic branches required to connect all those species on the tree. However,
calculation of PD is attempting something that is not all that simple — an inference
of the relative feature diversity of that subset of species. The basis for this inference
is an evolutionary model in which branch lengths reflect evolutionary changes, and
shared ancestry accounts for shared features (Faith 1992a, b). The model implies
that PD, in effect, counts-up the relative number of features represented by a given
subset of species (or other taxa, including populations within a species); any subset
of species that has greater PD will be expected to have greater feature diversity.

In chapter “The PD Phylogenetic Diversity Framework: Linking Evolutionary
History to Feature Diversity for Biodiversity Conservation”, I described another
important implication of the link to feature diversity: PD provides, not one single
measure, but a set of calculations interpretable at the level of features of taxa. This
helps guide the assessment of the phylogenetic diversity gains and losses from
changing probabilities of extinction of species (or other taxa). This PD “calculus”
also can help with the conservation problem addressed in this paper: assessing PD
gains and losses when we gain or lose geographic areas. PD has long been inte-
grated into conservation planning for areas (Walker and Faith 1994). However, the
work so far has largely ignored the problem of geographic knowledge gaps; we do



Using Phylogenetic Dissimilarities Among Sites for Biodiversity Assessments... 121

not know about the phylogenetic diversity represented in every area in a given
region. Consequently, for conservation planning, we have to estimate or model
these missing quantities, using spatial models incorporating predictive environmen-
tal variables.

One pathway for such predictions can take advantage of a part of the PD calculus
called “PD-dissimilarities” or “phylogenetic beta diversity” (Fig. la; see also
Lozupone and Knight 2005; Ferrier et al. 2007; Nipperess et al. 2010; Swenson
2011). PD-dissimilarities can be interpreted as compositional dissimilarities, based
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Fig. 1 (a) A hypothetical phylogenetic tree with 5 taxa. Along the top, the presence of the taxa in
two sites, j and k, is shown by + marks. The dashed-line branches indicate features only repre-
sented in j; hatched branches indicate features only represented in k; bold branches indicate fea-
tures represented in both; the thin branch indicates features in neither. The presence absence
version of Bray-Curtis type PD-dissimilarity between sites j and k counts the number of features
in j, not k (length of dashed branches) plus the number of features in k, not j (length of hatched
branches), divided by the sum of the total number of features found in each (length of dashed plus
length of bold branches, plus length of hatched plus length of bold branches). Other PD-dissimilarity
measures combine these counts in other ways. (b) A hypothetical environmental gradient (hollow-
line) with positions of sites, j, k, and 1. Suppose that positions of sites along this gradient reflect
their features. Sites with a given feature are found in a corresponding part of the gradient. This
clumping is called a “unimodal” response. Above the gradient is the hypothetical unimodal distri-
bution of the branches and corresponding features/branches from 1a. Under the unimodal response
model, the features in both j and k, for example, form the bold line segment. This unimodal rela-
tionship means that the Bray-Curtis type PD-dissimilarity has the most robust link to distances
along environmental gradients (or in environmental space; for discussion, see Faith et al. 1987).
For further information, also see Faith et al. (2009)



122 D.P. Faith

on the branches/features represented at the different sites (a site represents all
branches that are ancestral to any of its member species). These calculations are
“community-based” approaches in that they compare areas based on the set of
elements (the community) found in each area. We can think of the standard compo-
sitional dissimilarity measures conventionally applied at the species level as simply
re-caste at the level of features, through the PD model (Fig. 1a; for discussion, see
Faith 2013).

Spatial predictions can use a form of regression in which PD-dissimilarities
between sites are explained and predicted by the known environmental distances
between sites. Thus, we can predict the PD-dissimilarity between two un-sampled
sites, given their environmental difference. Generalized dissimilarity modelling
(GDM; Ferrier 2002; Ferrier et al. 2004, 2007; see also Faith and Ferrier 2002), an
extension of matrix regression, is useful for these predictions. GDM realistically
allows for a very general monotonic, curvilinear, relationship between increasing
environmental distance and compositional dissimilarity. It is also robust in allowing
for variation in the rate of compositional change at different positions along envi-
ronmental gradients. GDM was developed for species-level dissimilarities, but has
been extended to the prediction of PD-dissimilarities (Ferrier et al. 2007; Faith et al.
2009; Rosauer et al. 2013).

There are several ways to calculate a PD-dissimilarity (see Fig. 1a, b). The choice
of the PD-dissimilarity measure for such analyses can be guided by another critical
model, which makes additional assumptions about how features link to environ-
mental variables. To understand the nature of this model, it is important to note that
Faith (1992a, b; see also Faith 1996) was careful to point out that PD’s shared-
ancestry/shared-features model provides a general prediction about feature diver-
sity, but naturally does not apply to all possible features. This early work proposed
that a companion model also can account for shared features, including those that
are not explained by shared ancestry (e.g. those features that are convergent, arising
independently on the phylogenetic tree). Here, a pattern among species describing
shared habitat or environment explains shared branches/features (Fig. 1b; Faith
1989, 1996, 2015b; Faith et al. 2009). Figure 1b illustrates how shared habitat or
environment explains shared features: the sites sharing particular branches or fea-
tures form clumps or clusters in the environmental space (see also Fig. 2). I will
refer to this as unimodal response (analogous the well-known unimodal response of
species to environmental gradients; see e.g. Faith et al. 1987). This unimodal rela-
tionship (Fig. 1b) means that the Bray-Curtis type PD-dissimilarity has the most
robust link to distances along environmental gradients (or in environmental space;
for discussion, see Faith et al. 1987).

This simple model arguably deserves to make a greater contribution towards our
understanding of biodiversity methods. For example, an under-appreciation of this
companion model has meant that some workers (Kelly et al. 2014) still naively char-
acterise PD as intended to account for all features, including those convergently
derived. Similarly, the role of this model in explaining habitat-driven feature diver-
sity has been neglected in the development of functional trait diversity measures
(discussed in Faith 2015b). In this paper, I discuss another good reason to consider
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Fig. 2 Bray-Curtis type PD-dissimilarities can be used in robust ordination methods to recover
key gradients. A re-drawing of the gradient space from Rintala et al. (2008; see also Faith et al.
2009) for microbial communities in house dust and a microbial phylogenetic tree. Dots versus
squares correspond to samples from two different buildings (for details of sampling see Rintala
etal.). Arrows at the right side indicate major gradients revealed by the ordination. A sample local-
ity represents the branch corresponding to a given family if the locality has one or more descen-
dants of that branch. The two-dimensional space shows unimodal response for four branches
(Acidaminococcaceae, Aerococcaceae, Enterobacteriaceae, Acetobacteraceae). For further infor-
mation, see Faith et al. (2009)

this shared-habitat/shared-features model: it can fill a critical gap in our attempts to
effectively use PD-dissimilarities for biodiversity assessments.

We can predict the Bray-Curtis type PD-dissimilarities from environmental dis-
tances using a GDM regression. However, this is a mixed blessing. We produce
PD-dissimilarities for all pairs of sites, but a difficulty is that these dissimilarities do
not directly tell us what we want to know for conservation planning — the total phy-
logenetic diversity represented by a given subset of areas, or the gain or loss in PD
if an site is gained or lost. To fill this gap, we need to convert the pairwise dissimi-
larities into inferences about PD representation and/or gains and losses. I will show
how the shared-habitat/shared-features model can guide this analysis.

While there are several natural candidate approaches for taking this extra analy-
sis step (each extends methods applied to species-level dissimilarities), surprisingly,
there is no established, accepted method. One proposed approach, based on the
unimodal response model, is the ED (“environmental diversity””) method (defined
below; see also Faith and Walker 1996a, b, ¢), which has for some time been linked
to GDM and species-level dissimilarities (Faith and Ferrier 2002). Faith et al. (2009)
proposed the application of ED to the predicted dissimilarities from phylogenetic
GDM analyses, but there are no worked examples exploring this approach. Another
attractive method, linked strongly to the GDM approach, is the Ferrier et al. (2004)
index. This measure modifies the ED approach and has been applied for species-
level dissimilarities. A closely related method is that of Arponen et al. (2008).
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Both of these have commonalities with ED, but the similarities and differences — and
the strengths and weaknesses — among these alternative candidate measures has not
been explored and documented (for related discussion, see Ferrier and Drielsma 2010).

Given this fundamental gap in building the complete toolbox of PD calculations
for conservation, and given the lack of synthesis among candidate methods, this
chapter will proceed as follows. I first show how the same model of shared-
environment/shared-features thatjustifies the choice among possible PD-dissimilarity
measures (Fig. 1a, b), also justifies the choice of the ED method. I then present a
sample application of ED to PD-dissimilarities. I also present a simple graphical
description of ED in the one dimensional case, which clarifies how ED estimates
representation and gains and losses. I then use this graphical representation to reveal
key properties of the alternative methods, suggesting critical weaknesses of the
Ferrier et al. and Arponen et al. methods. I finish on a positive note, pointing to
future work, including expanding the range of calculations useful for conservation
assessment based on ED.

How the ED Method Converts PD-Dissimilarities
to Estimates of Gains and Losses

“ED” refers to a specific family of “environmental diversity” calculations (Faith and
Walker 1996a, b, c; Faith 2003; Faith et al. 2003, 2004). ED typically uses an envi-
ronmental gradients space, derived using species compositional dissimilarities and
ordination methods (Faith and Walker 19964, b, c). ED has been implemented as a
surrogates strategy in biodiversity conservation-planning software that evaluates
nominated sets of localities or finds best sites to add to an existing set. For example,
ED provided the first integration of ‘costs’ into regional biodiversity planning based
on comparing gains or ‘ED-complementarity’ values to marginal costs to facilitate
trade-offs, balancing biodiversity conservation and other needs of society (Faith
et al. 1996).

In order to understand the applicability of ED to PD-dissimilarities, we have to
consider ED’s assumptions and then examine a simple example analysis. I referred
above to unimodal response (Fig. 1b) and the shared-habitat/shared-features com-
panion model to PD’s shared-ancestry/shared-features model. ED explicitly builds
on this general unimodal response of species (or other elements) to environmental
gradients (for background, see Austin 1985; Faith et al. 1987). ED’s environmental
space typically is derived using compositional dissimilarities (including those esti-
mated GDM) and ordination methods (for review, see Faith et al. 2004). The dis-
similarities, the ordination methods and GDM all are relatively robust approaches
under a general model of unimodal responses to environmental gradients (Fig. 1b;
Faith et al. 1987; Faith and Walker 1996a; Ferrier et al. 2009).

The unimodal response model not only guides the inference of an environmental
space using ordination methods (Faith et al. 1987), but also defines how ED methods
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should effectively sample that environmental space in order to capture biodiversity.
ED is based on the idea that many different species (or other elements of biodiversity)
respond to similar environmental gradients, and exhibit a general unimodal response
at different positions along those gradients (Fig.1b). It follows that effective repre-
sentation of these gradients (say, by a proposed set of protected areas) should deliver
good representation of the various species or phylogenetic branches.

The assumption of a general unimodal response model directly leads to the
use of p-median (and related) criteria for ED’s estimation of the number of species
represented by a given set of localities in the environmental space or ordination.
A p-median criterion is based on a sum of the distances in an environmental space.
Each distance in this summation is that between a hypothetical point (‘demand
point’) in the space and its nearest site (among all sites in some selected subset).
The selected sites, for example, might be nominated protected-area localities. ED is
defined based on this calculation. The ‘continuous’ version of ED refers to the case
where the demand points are hypothetical points distributed uniformly throughout
the continuous environmental space. Faith and Walker (1994, 1996a) demonstrated
that, under a simple unimodal response model, species representation will be maxi-
mised by a selected set of sites if and only if it satisfies this continuous p-median
criterion. Note that the ED score, because it counts un-represented species based on
a sum of distances, is numerically small when the number of represented species is
large (see example calculations below and in Faith and Walker 1996a). The ED sur-
rogates approach therefore provides a rationale for interpreting high environmental
diversity for a set of localities as implying high biodiversity for the set (see Beier
and Albuquerque 2015).

I referred above to the p-median and related criteria. ED is not defined by any a
priori choice of the p-median criterion. Instead, the various ED calculations emerge
from the assumption of an underlying unimodal response model. In the simple case,
unimodal response implies that features are effectively counted up when we apply
calculations linked to the p-median; in other cases, the model implies calculations
that are modifications of the simple p-median. Simple ED variants include weighting
of demand points when species richness varies over the space (Faith and Walker
1996a; Faith et al. 2004), and creating an extended environmental space (‘extended
polytope’; Faith and Walker 1994, 1996a, b; Faith et al. 2004; see also Hortal et al.
2009). These options modify the parameters used in calculating the p-median. In a
later section, I will consider an ED variant that departs from p-median in order to
capture expected diversity or persistence.

When extended to features and branches from a phylogeny, the unimodal
response model supports an expectation that ED is compatible with Bray-Curtis
type PD-dissimilarities. Does this unimodal model (as idealised in Fig. 1b) apply
when the elements are branches or features? Certainly, this relationship can be
expected, given that PD-dissimilarity operates as if it is a standard Bray Curtis dis-
similarity, but applied to features, not species. The robust ordination of such
dissimilarities should produce general unimodal responses, as in the species-level
case (Faith et al. 1987).
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PD and PD-dissimilarities are commonly applied to molecular phylogenetic
trees and microbial community data; here, PD analyses overcome the typical
absence of defined microbial species. However, there has not been any clear model
linking branches to gradients in such studies. Faith et al. (2009) presented an exam-
ple documenting unimodal response of branches based on a gradient space for
microbial communities, sampled in house dust (Fig. 2; Rintala et al. 2008). In Fig.
2, arrows at the right side indicate major gradients revealed by the ordination of the
PD-dissimilarities. The solid dots in the space indicate different communities or
sample localities. A sample locality represents the branch corresponding to a given
family if the locality has one or more descendants of that branch in the phylogeny
(for details see Rintala et al. 2008; Faith et al. 2009).

For the ordination space of Rintala et al., Faith et al. (2009) showed that all but 3
of the 56 phylogenetic branches (corresponding to identified families) have a clear
unimodal response in the gradients space. Here, a response was recorded as uni-
modal only if a simple shape could enclose all sample sites representing the given
branch (and not include any other sites). This unimodal response for phylogenetic
features or branches is a critical property: it provides theoretical justification for
GDM on PD-dissimilarities and it accords with the assumptions of the ED (environ-
mental diversity) method.

Extending this example, I now will illustrate the application of the ED method to
the PD-based environmental space of Rintala et al. (Fig. 3). In Fig. 3a, the space
(from Fig. 2) is filled with ED “demand points”. In Fig. 3b, the ED value is calculated
as the sum of the distances from each demand point to its nearest sample/site.
In Fig. 3c, sample site x is assumed lost and ED is re-calculated. In Fig. 3d, alterna-
tively, sample site y is lost and ED is re-calculated. We can see from the plots that
the loss of sample x clearly results in a greater sum of distances. The loss of sample/
site x would imply much greater loss of phylogenetic diversity compared to loss
of sample/site y, as indicated by the amount of change in the sums of distances
(Fig. 3c,d). This result corresponds to the intuition that sample x, in filling a larger
gap in the space relative to sample y, is likely to uniquely represent more features.

A Simple Graphical Description of ED for the Single
Gradient Case

The example in Figs. 2 and 3 illustrated how sites or samples that fill a large gap in
environmental space are likely to uniquely represent more branches or features.
We can see why ED counts up branches or features by looking at a simple one-
dimensional gradient and graphical representation of ED calculations, which illus-
trates the link from the counting-up property to ED calculations of gains and losses
as sites are gained or lost.

Suppose we have an ordination with one gradient (say, a GDM transformation of
a climate-related variable; Fig. 4a). Demand points occur continuously along the
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Fig. 3 ED analyses for the ordination space based on PD-dissimilarities, from Rintala et al.
(Fig. 2). Black dots are samples as in Fig. 2 and two of the samples are labelled, x and y. Hollow
dots are ED demand points. A small number of demand points, uniformly covering the range of
samples in the space, are used here to illustrate the method. (a) Ordination space showing samples
and demand points. (b) Line segments connect each demand point to its nearest sample, among all
samples in a defined subset. The ED value is the sum of these distances. Here the subset includes
all samples. (¢) Sample site x is lost from the subset, and ED is re-calculated based on the new line
segments. (d) Sample site y is lost and ED is re-calculated based on the new line segments

gradient and define the centers of distribution for features or branches. These features
are assumed to have a uniform distribution of range-extents along the gradient
(Faith and Walker 1996a). Graphically, the height to the top of the gray area above
any demand point (Fig. 4a) reflects the number of features centered at that point that
are not overlapped by any of the selected sites; these would be features having a
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Fig. 4 (a) A single environmental gradient (thick black line) and three selected sites (black dots).
Each hypothetical branch/lineage, centred at a demand point, graphically is represented in the
figure by a point above its demand point, at a vertical distance equal to one-half of its distribution
extent on the gradient. Branch/lineage points in the figure are gray if no selected site overlaps with
the range-extent of the branch/lineage. Branch/lineage ‘a’ would be captured by the middle site
only, branch/lineage ‘b’ is not sampled by any sites as its extent is too small; it is therefore coloured
gray. Branch/lineage ‘c’ is captured by two sites. The height to the top of the gray area above any
demand point reflects the total number of branch/lineages centered at that point that are not over-
lapped by any selected sites. ED is the sum of the resulting triangular gray areas. When richness
varies along the gradient, the corresponding weights on demand points can be interpreted as if we
are calculating a volume when counting-up unrepresented branch/lineages to obtain the ED score.
(b) If the hollow-circle site is added to the selected set indicated by the black dots, the ED value
(number of branch/lineages not represented) will be reduced by the amount equal to the white-striped
area. This ED-complementarity equals x*y/2, where x and y are distances from the hollow circle
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range-extent too small to overlap with the nearest site. This number corresponds to
the demand point’s total contribution to the ED value; it indicates the total number
of features at that demand point not covered by the selected sites. These demand
point contributions form the triangle-shaped gray zones (Fig. 4a), whose total area
equals the sum, over all demand points, of the distance from the demand point to its
nearest selected site. In this single gradient case, ED is simply calculated as the sum
of the triangular gray areas. This sum corresponds to the p-median value for the set
of selected sites. This link from features to the p-median criterion nicely illustrates
how ED counts-up features.

The counting-up property is the basis for measures of ED-complementarity. An
ED-complementarity value estimates the number of features gained (lost) when a
site is added to (removed from) a set of selected sites (Fig. 4b, c). In this simple
single-gradient case, the ED-complementarity of a site equals %2 times the product
of its distances to its left and right nearest neighbours (Fig. 4b, c). These basic cal-
culations can be modified by introduction of additional assumptions such as the
maximum extent of features along the gradient (Fig. 4d).

The link from the basic unimodal response model to ED’s counting-up property
provides a basis for comparing ED to other methods for transforming dissimilarities
to estimates of degree of representation of biodiversity by subsets of sites. The
graphical representation will be useful for these comparisons of methods.

Properties of the Ferrier et al. formula

Ferrier et al (2004) proposed a formula to convert pairwise dissimilarities into “an
overall estimate of the proportion of species represented” (e.g. in a set of protected
areas). Ferrier et al. predicted “the proportion of species represented (p)” as:

<
<

Fig. 4 (continued) site to its left and right nearest neighbours. (¢) Removal of the crossed-out site
from the selected set (black dots) means that the ED index of number of branch/lineages not-
represented increases by the amount equal to the dark-gray area. ED-complementarity again
equals x*y/2, where x and y are distances from the crossed-out site to left and right neighbours.
(d) A gradient and two selected sites (black dots), B and C, illustrating ED options. Branch/lineage
extent along the gradient is assumed to not exceed some maximum value. Consequently, selected
site, B, does not serve demand points along the gradient that are too far away to have any branch/
lineages with extent less than or equal to the maximum value that at the same time overlap with B.
All demand points further away contribute the maximum value to ED’s measure of number of
branch/lineages not represented. The maximum-value line here is drawn extending across the gra-
dient. The white area therefore represents the number of branch/lineages represented by the two
selected sites, and the gray area corresponds to the number of branch/lineages not represented.
The diagram also illustrates another ED option. The set of demand points on the right hand side is
extended (beyond some initial gradient boundary shown by the tick mark) so that selection of
site C on its own now would imply the capture of the same number of branch/lineages as selection
of site B
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where n is the number of grid cells in a study area, ; is the relative richness of each
cell and d; is the compositional dissimilarity between each pair of cells i and j.
Further, the state of habitat in each cell (e.g., 1 =protected and O=unprotected) is
given by s;. The power term, z, is interpreted as analogous to that in species-area
curves (Ferrier et al. 2004).

Ferrier et al. (2004) drew on “principles of the “environmental diversity” (ED)
approach proposed originally by Faith and Walker (1996a) as a means of assessing
the representativeness of protected areas within a continuous environmental or bio-
logical space.” Both p and ED intend to convert dissimilarities into a measure of
representativeness (e.g., of a subset of sites), but the similarities and differences
between the two methods have not been investigated. Allnutt et al. (2008) re-derived
the Ferrier et al. measure, and noted the need for comparison with the existing ED
method: “in contrast to the approach described here, under the ED method (Faith
and Walker 19964, b, c), the amount of biodiversity estimated to be retained would
depend more on how spread out intact sites are in environmental space, and less on
the proportion of habitat retained in any part of this space. Further work is necessary
to compare these alternatives in detail.”

Allnutt et al. also noted a concern that was raised in my review of their paper,
“Another existing approach to calculate the biodiversity retained, given GDM out-
puts and habitat state values, is the ED method (Faith and Walker 1996; see also
Faith et al. 2004). A reviewer of this paper noted that the Ferrier et al. formula relies
on the sum of the distances (or similarities) from any site to all the intact sites. A
consequence is that selection of additional intact sites will have an attraction to any
concentrations (in space) of sites — even allowing further, identical, intact sites to be
selected in order to minimise this sum, rather than properly choosing a distant site
as a new intact site. In contrast, the ED method sees the amount of biodiversity
retained as dependent on how spread out the intact sites are in space. Future work
may compare these alternatives.”

The graphical presentation of a one-dimensional gradient reveals a critical differ-
ence between the two methods. Suppose we have sites along a single environmental
gradient as our environmental space (Fig. 5), and there are s sites at point a, two
sites at point b and 1 site at point c. Suppose that one intact site is at point b, and an
additional intact site can be located at point ¢ or at point b. We can compare the two
scenarios by calculating the numerator of the Ferrier et al. formula (the denominator
does not vary). We let r;=1 for convenience.
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a b C
X y
Fig.5 A single environmental gradient with s sites at point a, two sites at point b and 1 site at point

c. Distances between sites are given by x and y. One intact site is at point b, and an additional intact
site can be located at point ¢ or at point b

Application of the Ferrier et al. formula will select a duplicate intact site at point
b (over a wide range of values of s and choice of distances between sites). Suppose,
for example, that z=.25; s=35; x=.4; y=.4. Then, selecting an additional site at
point b provides a contribution towards p equal to 4.1, while selecting a site at point
¢ provides a contribution towards p equal to only 3.8 (calculations available on
request from the author). In contrast, ED would select the site at ¢, which does
increase representation of biodiversity, under the general unimodal model.

It appears that the Ferrier et al. formula for p can over-estimate the amount of
biodiversity that is represented. Put another way, if we started with all sites, the loss
of the only site located at point ¢ along the gradient is seen as less serious than the
loss of a duplicate site at point b. This miss-estimation can have serious conse-
quences for biodiversity conservation; for example, a country could wrongly receive
credit for what is in fact a reduction in representation of biodiversity.

The Ferrier et al. index was recently applied and recommended by Zerger et al.
(2013) as a strategy for building “continental biodiversity information capability”.
Given the potential failure of this index to properly assess representativeness, and
gains and losses, under our plausible general model, they perhaps incorrectly con-
clude that “The methodology described by Ferrier et al. (2004) and Allnutt et al.
(2008) also allows estimation of the proportion of species expected to be retained in
any defined region of interest”. While Zerger et al. refer to species-level analyses,
this poor estimation of represented biodiversity will extend to the phylogenetic
diversity case, given the direct correspondence of the species and PD/features
calculations.

Maximization of Complementary Richness (MCR)

Similar problems arise for another method that has some similarities to ED. Arponen
et al. (2008) introduced the ‘maximization of complementary richness’ (MCR)
method, described by the authors as the first “successful community-level strategy”.
Arponen et al. developed their approach based on an assumption of unimodal
responses for species centred at different positions in environmental space. It is
logical, therefore, to assess whether their method succeeds in counting-up species
or features under this unimodal model.

Arponen et al. did not report the similarities of MCR to the ED methods. Without
proper comparisons and contrasts with ED, it remains unclear whether MCR offers
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advantages over the similar ED calculations. Their MCR method shares with ED
several useful properties, including a similar unimodal model, an ordination space,
variants of p-median, plus ED’s GDM and richness-weighting options (for discus-
sion of ED options, see Faith and Walker 1994; Faith and Ferrier 2002; Faith et al.
2003, 2004).

Arponen et al. claimed that MCR has unique properties, but some of these in fact
also are shared by ED. For example, Arponen et al. (2008, p. 1438) claimed MCR
is “different from the previous use of ordinations”, because, in using richness
weighting and GDM, it “accounts for gradients in species richness and non-constant
turnover rates of community composition”. However, the existing ED framework
already uses these options (see Faith et al. 2004). Further, MCR, like ED, uses
points described as “demand” points, served by one or more selected sites. In fact,
both methods seek to minimise the degree to which species at demand points are not
covered by selected sites. Although Arponen et al. describe MCR as maximising a
summation of ‘C;’ values (and each C; value is to reflect the degree to which demand
point i is covered by selected sites), each C; equals one minus a product term. Thus,
MCR is minimising the sum of product terms, and so minimising the degree to
which demand points are not covered by selected sites. This property again matches
ED methods.

Similarities aside, there are critical differences between the two methods. Simple
examples will highlight the fact that MCR does have some novel properties relative
to ED — but these properties de-grade the counting-up property that surely is critical
to any truly “successful community-level strategy”.

Novel properties of MCR’s basic selection criterion are well-revealed in the sim-
ple case where species richness is assumed equal at all sites. MCR then uses the
product of a demand point’s dissimilarities to all selected sites, and seeks to mini-
mise the sum, over demand points, of these products. Single-gradient scenarios
(Fig. 6a) highlight weaknesses of this calculation. Suppose there are two candidate
sites for selection, A and B. Selection depends on which site most reduces the MCR
product score. Note that when a demand point becomes a selected site, it makes no
contribution to the sum of products (as its distance to itself is 0, making its product
contribution equal to 0). Selecting site A removes its large product (=.05x0.60 % 0.
65x0.70=0.014) from the product sum (Fig. 6a). Also, it reduces the product score
for non-selected sites (site B), with a reduction equal to (1-0.4) times the previous
product value for B of (0.45x0.20x0.25x0.30=0.007), yielding a reduction of
0.004. Thus, selecting site A reduces the score by about 0.018 (0.014+0.004). In
contrast, selecting site B implies removal of a product term equal to 0.007 (see
above), and a reduction in the A product contribution of (1-0.4) times 0.0137 =0.008.
Thus, selecting site B reduces the MCR score by only 0.015, and MCR selects site A.

We also can ask whether site A or B is best to lose (smallest features loss), assum-
ing all sites initially are protected. Loss of B would add a new term to the MCR
product sum equal to 0.45x0.40 x0.20x0.25x0.30=0.003. Loss of A would add a
larger term (0.05x0.40%x0.60x0.65x0.70=0.005). MCR prefers to retain site A
and lose site B. MCR prefers site A over site B, whether adding or removing sites —
yet this does not accord with MCR’s own model of random distributions of features
in the environmental space.



Using Phylogenetic Dissimilarities Among Sites for Biodiversity Assessments... 133

a)
N
b
A=
05 40 20 .05 .05
A B
b)

—& & &0
40 40 .05
B A

R

Fig. 6 (a) A hypothetical gradient (for example, from GDM) with selected sites (solid circles),
and two candidate sites for selection, A and B (hollow circles). Numbers along gradient are dis-
tances between sites. ED-complementarity of site B (areas with vertical stripes) is 0.045, while
that for site A (areas with horizontal stripes) is only 0.015, reflecting its close proximity to an
already-selected site. ED prefers site B, reflecting the greater count in number of branch/lineages
gained. In contrast, MCR, to minimise its product score, selects site A. For MCR, selecting site B
reduces the MCR product score by only 0.015, while selecting site A reduces the score by a higher
value of about 0.018. For MCR, the greatest reduction in the product score implies the greatest
branch/lineages gain, and so MCR prefers site A. For further information, see text. (b) Given two
candidate sites (hollow circles) and already-selected sites (solid circles), MCR assigns a higher
preference weight to site A, reflecting the large distance from A to the selected site at the other end
of the gradient. ED identifies site B as the site that would fill the largest gap and provide the great-
est gain in branch/lineages representation. (c¢) There are two candidate sites for selection, A and B
(hollow circles). ED-complementarity values of A and B are shown by respective striped areas.
Site B, selected by ED, provides more new branch/lineages. However, MCR cannot distinguish
between the two sites
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ED correctly prefers site B, in accord with the unimodal model and counting-up
property. ED-complementarity for the gain of site B (vertical striped area; Fig. 6a)
is 0.045, while that for site A (horizontal stripes) is only 0.015, reflecting the site’s
close proximity to an already-selected site. The difference is 0.03, and is the same
value when determining the best site to lose, illustrating how ED provides a consis-
tent counting-up of features in comparing the two sites under different scenarios.
Thus, site B, filling a large gap, is expected to contribute more features (Fig. 6a).

This example highlights general MCR weaknesses: a site can be wrongly pre-
ferred because MCR is misled by the site’s many large dissimilarities to other sites.
Arponen et al. attempted to overcome one weakness of their core selection criterion —
possible near-duplication of previously selected sites — by applying a down-
weighting of those candidate sites close to already-selected sites. The weighting,
equal to the product of the site’s dissimilarity to all selected sites, does not solve this
problem. For example, a site very close to an already-selected site, nevertheless may
receive higher weight because it is so far away from other selected sites (Fig. 6b).

MCR’s failure to identify gaps is exacerbated by its use of actual sites as demand
points (so mimicking ‘discrete ED’; Faith and Walker 1996a). MCR consequently
cannot take into account portions of the environmental space that do not have
recorded sites. An example shows how ED, but not MCR, will give an edge site
deserved priority (Fig. 6¢), countering Arponen et al.’s claim that a particular advan-
tage of MCR is that it gives priority to sites on the edge of environmental space.

ED succeeds, and MCR fails, in counting-up features under the basic unimodal
model. While ED successfully has incorporated, in a consistent way, useful options
relating to richness, extent of space, GDM, and other options, the MCR calculations
degrade the counting-up of features. This contrast between MCR and ED has impor-
tant implications for applications. Suppose we interpret the example (Fig. 6a) as a
planning decision, in which the best site, A or B, will be removed from protection
for non-conservation uses. MCR prefers to give away the site (B) implying a greater
features loss. Thus, MCR would be a poor basis for the systematic conservation
planning required to reduce rates of biodiversity loss; use of MCR in such conserva-
tion planning could inadvertently increase the rate of biodiversity loss. I conclude
that MCR, like the Ferrier et al. method, will not provide an effective way to analyse
PD-dissimilarities for assessments of PD representation and calculation of gains
and losses.

Discussion

ED provides an effective strategy to analyse PD-dissimilarities among areas, and
make inferences as if we are counting up branches or features. While well-justified
through the link to feature diversity, application of ED to date has been frustrated by
a lack of synthesis about alternative methods, including inconsistent use of names
for methods and miss-representation of basic properties. Aradjo et al. (2001, 2003,
2004), Hortal et al. (2009), and Arponen et al. (2008) all have incorrectly character-
ised “ED” as a method using only environmental data. Hortal et al. (2009) claimed
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to have evaluated the continuous ED method of Faith and Walker (1996a), but in
fact used a quite different method (see Faith 2011). Recently, Beier and Albuquerque
(2015) found strong support for ED as a biodiversity surrogate.

The comparison in this study of ED to other proposed methods helps to clarify
key properties. ED, Ferrier et al.’s p, and the MCR method share important desirable
properties for biodiversity assessment; they transform dissimilarities in order to
infer useful information, including the amount of biodiversity represented by sub-
sets of sites. All three methods are based to some degree on the idea of unimodal
response. However, among these candidate approaches, ED seems to best reflect the
plausible underlying model in which elements of biodiversity have general uni-
modal response to environmental space.

This chapter has attempted to provide some long-overdue comparisons among
existing proposed methods, but it is important to note that more comparative evalu-
ations are needed. In the interest of synthesis, I highlight several other methodologi-
cal issues requiring study.

Hierarchical Clustering

Faith (2013) recently reviewed the prospects for another strategy, based on a hierar-
chical clustering of the PD-dissimilarities among sites or samples (including those
predicted by GDM). Faith and Walker (1996a), in discussing dissimilarities defined
at the species level, had argued that “a robust hierarchical clustering method
designed for biotic distribution data, such as flexible-UPGMA with Bray-Curtis dis-
similarities, is likely to produce a hierarchy where distances along branches between
areas indeed reflect the relative number of species differences.” Faith (2013) sug-
gested an extension of this idea: “This rationale extends to PD-dissimilarities in
such a hierarchical clustering, distances along branches between samples reflect the
relative difference in the PD of the samples. ....the PD method can be applied to a
hierarchy of samples, just as it is applied to a hierarchy (phylogeny) of species.
Various PD calculations can be applied to the hierarchies of sites/samples that are
based on PD-dissimilarities among samples or sites.” Faith (2013) referred to this
method as “PDh”, as it uses the PD calculus, but is applied to a samples/sites
hierarchy. The PDh value for a subset of samples/sites indicates the PD of the subset.
It is noteworthy that that the suggested hierarchical clustering approach for PDh is
a method (Belbin et al. 1993) designed to be compatible with an environmental
space and unimodal response.

Persistence Versus Representativeness

I argued above that Ferrier et al. perhaps inaccurately characterised their formula
as estimating “the proportion of species represented”, and I questioned the conclu-
sion of Zerger et al. (2013) that the method of Ferrier et al. (2004) and Allnutt et al.
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(2008) ““allows estimation of the proportion of species expected to be retained in
any defined region of interest,” These problems naturally extend from species-level
to the features defined by PD-dissimilarities. Both Allnutt et al. (2008) and Ferrier
etal. (2009) have suggested that the Ferrier et al. method contrasts with ED because
it is intended to address expected persistence, and not just representation. While it
seems doubtful that a measure that performs poorly in assessing representation will
do well in assessing overall persistence, more work is needed to evaluate whether
the Ferrier et al. method provides useful information about biodiversity
persistence.

On a positive note, the persistence and the representation goals do not have to be
addressed by different frameworks. One ED variant, departing from p-median, cap-
tures expected diversity or persistence in a “probabilistic ED” method:

...when we assign probabilities (of expected features persistence or ‘presence’) to sites ...

the p-median, which strictly depends on nearest neighbours, is relaxed, and the total esti-
mated diversity now depends on summation over ordered nearest neighbours (Faith et al. 2004).

These probabilities form the analogue to the state or condition of habitat in each
site j, given by s;, in the Ferrier et al. formula. Given the advantages of ED over p in
the basic representation case, the “probabilistic ED” method deserves investigation
as an alternative way to integrate state or condition of habitat in sites, for analysis of
persistence.

Simulation Methods

These variants highlight the idea that the critical ingredient of the ED framework
is unimodal response, reflecting the shared-habitat/shared-features model. Indeed,
once we have an environmental space, under this model, we can simulate the sets
of branches/features that would correspond, for example, to a nominated subset of
sites. Faith et al. (2003) used this approach to map the distributions in geographic
space of the hypothetical elements (species or features). This “biodiversity viabil-
ity analysis” (BVA) uses this spatial information for each element for various
biodiversity assessments. Thus, BVA translates information about any inferred
element from ordination space to its implied distribution in geographic space (tak-
ing advantage of the link that environmental data for all areas provides from ordi-
nation space to geographic space). Mokany et al. (2011) provide a method that
mimics the ED/BVA generation of hypothetical species (or other elements) based
on unimodal response and related models. However, their method loses some use-
ful information that BVA/ED derives from explicitly sampling from the environ-
mental space under the unimodal response model. Further work is needed to
evaluate these methods.
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GEO BON

Future applications may require this full range of ED calculations. ED is one candi-
date biodiversity assessment strategy in a new global program for monitoring the sta-
tus of biodiversity. The Group on Earth Observations Biodiversity Observation
Network (GEO BON; Andrefouet et al. 2008) has been developed as a mechanism for
gathering and sharing observations regarding biodiversity change. GEO BON is to
enhance cooperation among countries to understand changes in biodiversity by moni-
toring its state and trends. One monitoring strategy in GEO BON will use repeated
observations, over time, of changes in the state or condition of sites (e.g., based on
remote sensing data). These observations then are integrated with spatial biodiversity
models that act as the ‘lens’ for inferences about the corresponding changes in biodi-
versity (Andrefouet et al. 2008; Faith et al. 2009; Ferrier 2011). The ED approach can
provide such a biodiversity lens, using available environmental data, genetic, phylo-
genetic and species data covering multiple taxonomic groups, and GDM to include
unsampled sites. In simple applications, ED complementarity values can be calculated
when localities are judged as newly degraded (or newly protected). Alternatively, the
estimates of condition from remote sensing may be interpreted as fractional species
losses for localities, calling for methods such as probabilistic ED.

One of the GEO BON working groups is tasked with implementing these moni-
toring strategies to applications assessing change in phylogenetic diversity, over
multiple taxonomic groups (including microbial diversity). ED methods applied to
analyses of PD-dissimilarities (including those describing within-species genetic
variation) appear to offer a robust flexible framework for assessments of biodiver-
sity change at this important level of biodiversity.

Open Access This chapter is distributed under the terms of the Creative Commons Attribution
Noncommercial License, which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.
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quantify and assess patterns and changes in biodiversity. Here we review some com-
monly used abundance-based species diversity measures and their phylogenetic gen-
eralizations. Most of the previous abundance-sensitive measures and their
phylogenetic generalizations lack an essential property, the replication principle or
doubling property. This often leads to inconsistent or counter-intuitive interpreta-
tions, especially in conservation applications. Hill numbers or the “effective number
of species” obey the replication principle and thus resolve many of the interpreta-
tional problems. Hill numbers were recently extended to incorporate phylogeny; the
resulting measures take into account phylogenetic differences between species while
still satisfying the replication principle. We review the framework of phylogenetic
diversity measures based on Hill numbers and their decomposition into independent
alpha and beta components. Both additive and multiplicative decompositions lead to
the same classes of normalized phylogenetic similarity or differentiation measures.
These classes include multiple-assemblage phylogenetic generalizations of the
Jaccard, Sgrensen, Horn and Morisita-Horn measures. For two assemblages, these
classes also include the commonly used UniFrac and PhyloSgr indices as special
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Introduction

Many of the most pressing and fundamental questions in biodiversity conservation
require robust and sensible measures for quantifying and assessing changes in bio-
diversity. Many environmental and monitoring projects also require objective and
meaningful similarity (or differentiation) measures to compare the diversities of
multiple assemblages and their degree of complementarity in order to best conserve
genetic, species, and ecosystem diversity. An enormous number of diversity mea-
sures and related similarity (or differentiation) indices have been proposed, not only
in ecology but also in genetics, economics, information science, linguistics, phys-
ics, and social sciences, among others. See Magurran (2004) and Magurran and
McGill (2011) for overviews.

In traditional species diversity measures, all species are considered to be equally
different from each other; only species richness and abundances are involved. There
are two general approaches: parametric and non-parametric (Magurran 2004).
Parametric approaches assume a particular species abundance distribution (such as
the lognormal or gamma) or a species rank abundance distribution (such as the
negative binomial or log-series), and then use the parameters (e.g., Fisher’s alpha)
of the distribution to quantify diversity. However, these methods often do not per-
form well and the results are un-interpretable unless the “true” species abundance
distribution is known (Colwell and Coddington 1994; Chao 2005). The parametric
model also does not permit meaningful comparison of assemblages with different
abundance distributions. For example, a log-normal abundance model cannot be
compared to an assemblage whose abundance distribution follows a gamma distri-
bution. Non-parametric methods make no assumptions about the distributional form
of the underlying species abundance distribution. The most widely used abundance-
sensitive non-parametric measures have been the Shannon entropy and the Gini-
Simpson index. These two measures, along with species richness were integrated
into a class of measures called generalized entropies (Havrdra and Charvat 1967,
Daréczy 1970; Patil and Taillie 1979; Tsallis 1988; Keylock 2005), which will be
briefly reviewed in this chapter.

How to quantify abundance-based species diversity in an assemblage has been
one of the most controversial issues in community ecology (e.g. Hurlbert 1971;
Routledge 1979; Patil and Taillie 1982; Purvis and Hector 2000; Jost 2006, 2007;
Jost et al. 2010). There have also been intense debates on the choice of diversity
partitioning schemes; see Ellison (2010) and the Forum that follows it. Surprisingly,
all authors in that forum achieved a consensus on the use of Hill numbers, also
called “effective number of species”, as the best choice to quantify abundance-based
species diversity. Hill numbers are a mathematically unified family of diversity indi-
ces (differing among themselves only by a parameter ¢) that incorporate species
richness and species relative abundances. They were first used in ecology by
MacArthur (1965, 1972), developed by Hill (1973), and recently reintroduced to
ecologists by Jost (2006, 2007).
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Hill numbers obey the replication principle or doubling property, an essential
mathematical property that capture biologists’ notion of diversity (MacArthur 1965;
Hill 1973). This property requires that if we have N equally diverse, equally large
assemblages with no species in common, the diversity of the pooled assemblage
must be N times the diversity of a single group. In other words, they are linear with
respect to addition of equally-common species. We will review different versions of
this property later. Classical diversity measures, such as Shannon entropy and the
Gini-Simpson index, do not obey this principle and can lead to inconsistent or
counter-intuitive interpretations, especially in conservation applications (Jost 20006,
2007). Hill numbers resolve many of the interpretational problems caused by clas-
sical diversity indices. Diversity measures that obey the replication principle yield
self-consistent assessment in conservation applications, have intuitively-
interpretable magnitudes, and can be meaningfully decomposed. In this chapter,
Hill numbers are adopted as a general framework for quantifying and partitioning
diversities.

Pielou (1975, p. 17) was the first to notice that traditional abundance-based spe-
cies diversity measures could be broadened to include phylogenetic, functional, or
other differences between species. We here concentrate on phylogenetic differ-
ences, though our framework can also be extended to functional traits (Tilman 2001;
Petchey and Gaston 2002; Weiher 2011). For conservation purposes, an assemblage
of phylogenetically divergent species is more diverse than an assemblage consisting
of closely related species, all else being equal. Phylogenetic differences among spe-
cies can be based directly on their evolutionary histories, either in the form of taxo-
nomic classification or well-supported phylogenetic trees (Faith 1992; Warwick and
Clarke 1995; McPeek and Miller 1996; Crozier 1997; Helmus et al. 2007; Webb
2000; Webb et al. 2002; Pavoine et al. 2010; Ives and Helmus 2010, 2011; Vellend
etal. 2011; Cavender-Bares et al. 2009, 2012 among others). Three special issues in
Ecology were devoted to integrating ecology and phylogenetics; see McPeek and
Miller (1996), Webb et al. (2006), and Cavender-Bares et al. (2012) and papers in
each issue. Phylogenetic diversity measures are especially relevant for conservation
applications, since they quantify the amount of evolutionary history preserved by
the assemblage; see Lean and MacLaurin (chapter “The Value of Phylogenetic
Diversity”).

The most widely used phylogenetic metric is Faith’s phylogenetic diversity (PD)
(Faith 1992) which is defined as the sum of the branch lengths of a phylogenetic tree
connecting all species in the target assemblage. As shown in Chao et al. (2010),
Faith’s PD can be regarded as a phylogenetic generalization of species richness. The
rarefaction formula for Faith’s PD was developed by Nipperess and Matsen (2013)
and Nipperess (chapter “The Rarefaction of Phylogenetic Diversity: Formulation,
Extension and Application”). Recently, Chao et al. (2015) derived an integrated
sampling, rarefaction, and extrapolation methodology to compare Faith’s PD of a
set of assemblages. Like species richness, Faith’s PD does not consider species
abundances. For some conservation applications, the mere presence or absence of a
species is all that matters, or all that can be determined from the available data. In
those cases, Faith’s PD is a good measure of phylogenetic diversity. However, there
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are important advantages to incorporating abundance information into phylogenetic
diversity measures for conservation. For example, some human impacts can result
in the phylogenetic simplification of an ecosystem, reducing the population shares
of phylogenetically distinct species relative to typical species. An abundance-based
measure can catch this effect before it leads to actual extinctions.

Ecosystem simplification may be worthy of conservation concern even if it does
not lead to extinctions of focal organisms. Often, the focal organisms for conserva-
tion represent a tiny fraction of the ecosystem’s biomass or richness. Each focal
species will be tied to a web of non-focal species whose abundances are not usually
monitored (e.g., insects). All else being equal, a more equitable distribution of the
abundances of focal organisms will be able to support a more diverse, robust and
stable set of non-focal species. Faith (chapter “Using Phylogenetic Dissimilarities
Among Sites for Biodiversity Assessments and Conservation”) rightly argues that
phylogenetic diversity is a good proxy for functional diversity. Therefore an ecosys-
tem with a more equitable distribution of abundance across phylogenetic lineages
should also exhibit greater functional complexity (per interaction between individu-
als) than an ecosystem whose phylogenetically unusual elements are rare. If we
have to prioritize such ecosystems, the more phylogenetically equitable one, which
thoroughly integrates diverse lineages, should be preferred. In addition to being
more resistant to lineage extinctions, a complex, well-integrated ecosystem may be
worth preserving in and of itself, above and beyond its component species; conser-
vation is not just about species. Evolution may take a different course in ecosystems
whose members are constantly surprised by their interactions compared with an
ecosystem whose interactors are highly predictable. These conservation goals —
robustness against extinction of distinctive lineages, and preservation of well-
integrated ecosystems with unique future option values — require phylogenetic
diversity measures that incorporate species importance values.

Rao’s quadratic entropy Q (Rao 1982), a generalization of the Gini-Simpson
index, was the first diversity measure that accounts for both phylogeny and species
abundances. The phylogenetic entropy Hp (Allen et al. 2009) extends Shannon
entropy to incorporate phylogenetic distances among species. Since Shannon
entropy and the Gini-Simpson index do not obey the replication principle, neither
do their phylogenetic generalizations. These generalizations will therefore have the
same interpretational problems as their parent measures; see Chao et al. (2010, their
Supplementary Material) for examples.

Chao et al. (2010) extended Hill numbers and related similarity measures to
incorporate phylogeny. The new phylogenetic Hill numbers obey a generalized rep-
lication principle. Their measures were subsequently extended by Faith and Richards
(2012) and Faith (2013). Both the original Hill numbers and their phylogenetic
generalizations facilitate diversity decomposition (Jost 2007; Chiu et al. 2014). As
with the original Hill numbers, both additive and multiplicative decompositions of
phylogenetic Hill numbers lead to the same classes of similarity (or differentiation)
measures. Hill numbers therefore provide a unified framework to quantify both
abundance-based and phylogenetic diversity.

In this chapter, we first briefly review the classic abundance-based species diver-
sity measures (section “Generalized Entropies”) and their phylogenetic
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generalizations (section “Phylogenetic generalized entropies”) for an assemblage.
Then we focus on the framework of Hill numbers (section “Hill numbers and the
replication principle”), phylogenetic Hill numbers (section “Phylogenetic Hill num-
bers and related measures”) and related phylogenetic diversity measures. We also
discuss the replication principle and its phylogenetic generalization (section
“Replication principle for phylogenetic diversity measures”). For multiple assem-
blages, we review the diversity decomposition based on phylogenetic diversity mea-
sures (section “Decomposition of phylogenetic diversity measures”). The associated
phylogenetic similarity and differentiation measures are then presented (section
“Normalized phylogenetic similarity measures”). We use a real example for illustra-
tion (section “An example”). Our practical recommendations are provided in sec-
tion “Conclusion”.

Classic Measures and Their Phylogenetic Generalizations

Generalized Entropies

The species richness of an assemblage is a simple count of the number of species
present. It is the most intuitive and frequently used measure of biodiversity, and is a
key metric in conservation biology (MacArthur and Wilson 1967; Hubbell 2001;
Magurran 2004). However, it does not incorporate any information about the abun-
dances of species, and it is a very hard number to estimate accurately from small
samples (Colwell and Coddington 1994; Chao 2005; Gotelli and Colwell 2011).

Shannon entropy is a popular classical abundance-based diversity index and has
been used in many disciplines. Shannon entropy is

S
Hg, ==Y p,logp,, (1a)
i=1

where S is the number of species in the assemblage, and the ith species has relative
abundance p;. Shannon entropy gives the uncertainty in the species identity of a
randomly chosen individual in the assemblage. Another popular measure is the
Gini-Simpson index,

S
Hy =1-3p}, (1b)
i=1

which gives the probability that two randomly chosen individuals belong to differ-
ent species. These two abundance-sensitive measures, along with species richness,
can be united into a single family of generalized entropy:

qH:(l—ZS:pfj/(q—l). (o)
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The parameter g determines the sensitivity of the measure to the relative frequencies
of the species. When ¢=0, H becomes S — 1; When g tends to 1, “H tends to Shannon
entropy. When g =2, ¢H reduces to the Gini-Simpson index. This family was found
many times in different disciplines (Havrdra and Charvat 1967; Daréczy 1970; Patil
and Taillie 1979; Tsallis 1988; Keylock 2005). There are many other families of
generalized entropies, notably the Rényi entropies (Rényi 1961).

Although the traditional abundance-sensitive generalized entropies and their
special cases have been useful in many disciplines (e.g., see Magurran 2004), they
do not behave in the same intuitive linear way as species richness. In ecosystems
with high diversity, mass extinctions hardly affect their values (Jost 2010). They
also lead to logical contradictions in conservation biology, because they do not mea-
sure a conserved quantity (e.g., under a given conservation plan, the proportion of
“diversity” lost and the proportion preserved can both be 90 % or more); see Jost
(2006, 2007) and Jost et al. (2010). Thus, changes in their magnitude cannot be
properly compared or interpreted. Also, the main measure of similarity in the addi-
tive approach for traditional measures, the within-group or “alpha” diversity divided
by the total or “gamma” diversity, does not actually quantify the compositional
similarity of the assemblages under study. This ratio can be arbitrarily close to unity
(supposedly indicating high similarity) even when the assemblages being compared
have no species in common. Finally, these measures each use different units (e.g.,
the Gini-Simpson index is a probability whereas Shannon entropy is in units of
information), so they cannot be compared with each other. All these problems are
consequences of their failure to satisfy the replication principle. Hill numbers obey
the replication principle and resolve all these problems; see section “Hill numbers
and the replication principle”.

Phylogenetic Generalized Entropies

The classic measures reviewed in section “Generalized Entropies” were extended to
incorporate phylogenetic distance between species. As mentioned in the Introduction
and will be shown in section “Phylogenetic Hill numbers and related measures”,
Faith’s PD can be regarded as a phylogenetic generalization of species richness.

Rao’s quadratic entropy takes account of both phylogeny and species abun-
dances (Rao 1982):

0=>d.pp, (2a)
i,j

where d;; denotes the phylogenetic distance (in years since divergence, number of
DNA base changes, or other metric) between species i and j, and p; and p; denote the
relative abundance of species i and j. This index measures the average phylogenetic
distance between any two individuals randomly selected from the assemblage.
Rao’s Q represents a phylogenetic generalization of the Gini-Simpson index because
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in the special case of no phylogenetic structure (all species are equally related to one
another), d;=0 and d;=1 (i # j), it reduces to the Gini-Simpson index.

The phylogenetic entropy Hp is a generalization of Shannon’s entropy to incor-
porate phylogenetic distances among species (Allen et al. 2009):

H, = —ZLial. loga, (2b)

where the summation is over all branches of a rooted phylogenetic tree, L; is the
length of branch i, and a; denotes the summed relative abundance of all species
descended from branch i.

For ultrametric trees, Faith’s PD, Allen et al.’s Hp, and Rao’s Q can be united into
a single parametric family of phylogenetic generalized entropies (Pavoine et al.
2009):

"I:[T—ZLia;’J/(q—l). (2¢)

Here, L; and q; are defined in Eq. (2b) and T is the age of the root node of the tree.
Then °I = Faith’s PD minus 7, !/ is identical to Allen et al.’s entropy Hp given in Eq.
(2b); and ?/ is identical to Rao’s quadratic entropy Q given in Eq. (2a). In the special
case that T=1 (the tree height is normalized to unit length) and all branches have
unit length, then the phylogenetic generalized entropy reduces to the classical gen-
eralized entropy defined in Eq. (1¢), with species relative abundances {p,, p,, ..., ps}
as the tip-node abundances.

The abundance-sensitive (¢ >0) phylogenetic generalized entropies provide use-
ful information, but they do not obey the replication principle and thus have the
same interpretational problems as their parent measures. This motivated Chao et al.
(2010) to extend Hill numbers to phylogenetic Hill numbers, which obey the repli-
cation principle; see section “Phylogenetic Hill numbers and related measures”.

Hill Numbers and Their Phylogenetic Generalizations

Hill Numbers and the Replication Principle

Pioneering work by Kimura and Crow (1964) in genetics and MacArthur (1965) in
ecology showed that the Shannon and Gini-Simpson measures can be easily con-
verted to “effective number of species” (i.e., the number of equally abundant species
that are needed to give the same value of the diversity measure), which use the same
units as species richness. Shannon entropy can be converted by taking its exponen-
tial, and the Gini-Simpson index can be converted by the formula 1/(1-Hg;s). Hill
(1973) integrated species richness and the converted Shannon and Gini-Simpson
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measures into a class of diversity measures called “Hill numbers” of order g, or the
“effective number of species”, defined as

s 1/(1-q)
qD:(pr] ,q>0,g#1. (3a)

i=1
This measure is undefined for g=1, but its limit as ¢ tends to 1 exists and gives

S

'D= ng} D= exp(—Zpi log p, ) =exp(Hyg,). (3b)

i=1

The relationship between Hill number of order g (¢ # 1) and the generalized entropy
can be expressed as

"D =[1-(¢-1)( qH)]”(lfq). 3c)

When ¢=0, the species abundances do not count at all and °D=S is obtained.
When g =1, the species are weighed in proportion to their frequencies, and the mea-
sure 'D (in Eq. (3b)) can be interpreted as the effective number of common or
“typical” species (i.e., species with typical abundances) in the assemblage. When
g =2, abundant species are favored and rare species are discounted; the measure 2D
becomes the inverse Simpson concentration. The measure 2D can be interpreted as
the effective number of dominant or very abundant species in the assemblage. In
general, if D =x, then the diversity of order ¢ of this community is the same as that
of an idealized reference community with x equally abundant species. All Hill num-
bers are in units of “species”. It is thus possible to plot them on a single graph as a
continuous function of the parameter g. This diversity profile characterizes the
species-abundance distribution of an assemblage and provides complete informa-
tion about its diversity. The steepness of its slope graphically illustrates the degree
of dominance in the assemblage. An example is given in section “An example”.

Hill numbers differ fundamentally from Shannon entropy and the Gini-Simpson
index in that they obey the replication principle. Hill (1973) proved a weak version
of the doubling property: if two completely distinct assemblages (i.e., no species in
common) have identical relative abundance distributions, then the Hill number dou-
bles if the assemblages are combined with equal weights. Chiu et al. (2014, their
Appendix B) recently proved a strong version of the doubling property: if two com-
pletely distinct assemblages have identical Hill numbers of order ¢ (relative abun-
dance distributions may be different, unlike the weak version), then the Hill number
of the same order doubles if the two assemblages are combined with equal weights.
Species richness is a Hill number (with ¢=0) and obeys both versions of the dou-
bling property, but most other diversity indices do not obey even the weak version.
Because Hill numbers obey this replication principle, changes in their magnitude
have simple interpretations, and the ratio of alpha diversity to gamma diversity
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accurately reflects the compositional similarity of the communities. The replication
principle is best known in economics, where it has long been recognized as an
important property of concentration and diversity measures (Hannah and Kay
1977). In ecology, the doubling property has been extensively discussed by many
authors (MacArthur 1965, 1972; Hill 1973; Whittaker 1972; Routledge 1979; Peet
1974; Jost 2006, 2007, 2009; Ricotta and Szeidl 2009; Jost et al. 2010) and has been
extended to phylogenetic measures (Chao et al. 2010); see below.

Phylogenetic Hill Numbers and Related Measures

When the branch lengths are proportional to divergence time, all branch tips are the
same distance from the root (the first node). Such trees are called “ultrametric”
trees. We first discuss the phylogenetic diversity measures for ultrametric trees. The
phylogenetic Hill numbers developed by Chao et al. (2010) for an ultrametric tree
can be intuitively explained as the Hill number of a time-average of a tree’s general-
ized entropy over some evolutionary time interval of interest. Suppose the phyloge-
netic tree for an assemblage is calibrated to some relative or absolute timescale. We
can slice this phylogenetic tree at any time 7 in the past; see the left panel of Fig. 1
(reproduced from Chao et al. 2010) for illustration and details about how to deal
with shared lineages. The number of lineages at that time is the number of branch
cuts, and the relative importance of each of these lineages for the present-day
assemblage is the sum of the relative abundances of the branch’s descendants in the
present-day assemblage. Using these relative importance values, we can calculate
the generalized entropy of order g for the slice. The mean of these entropies, begin-
ning at time -7 (i.e., T years before present) and continuing until the present, is
converted to a Hill number using Eq. (3c). This is the phylogenetic Hill number,
which conveys information about the shape of the tree over the time interval of
interest. Chao et al. (2010) symbolize it as 7D (T), and also refer to it as the mean
phylogenetic diversity of order q over T years (or simply the mean diversity for the
interval [-T, 0]):

I 1/(1-q) . 1 V0-9)
qﬁ(T):{z?"af} =?{2Li(%j } ,4=0,g#1; (4a)

ieBy ieBy

'D(T)=1im ‘D(T) = exp{—z ﬁai logal}, (4b)
g—1

ieBy

where B is the set of all branches in the time interval [-T, 0], L; is the length of
branch i in the set B, and g; is the total relative abundance descended from branch
i. The mean diversity “D(T) is interpreted as “the effective number of equally
abundant and equally distinct lineages all with branch lengths T during the time
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Fig. 1 (a) A hypothetical ultrametric rooted phylogenetic tree with four species. Three different
slices corresponding to three different times are shown. For a fixed T (not restricted to the age of
the root), the nodes divide the phylogenetic tree into segments 1, 2 and 3 with duration (length) 77,
T, and T3, respectively. In any moment of segment 1, there are four species (i.e. four branches cut);
in segment 2, there are three species; and in segment 3, there are two species. The mean species
richness over the time interval [-T, 0] is (T1 / T) x4+ (T2 / T) X3+ (T3 / T) x 2 . In any moment
of segment 1, the species relative abundances (i.e. node abundances correspond to the four
branches) are {p;, p, p3, p4}; in segment 2, the species relative abundances are {g,, g,, g3} = {p1,
D2+Dps, pa}; in segment 3, the species relative abundances are {h, hy} = {p;+p,+ps, pa}. (b) A
hypothetical non-ultrametric tree. Let 7' be the weighted (by species abundance) mean of the
distances  from  root node to each of _the terminal branch tips.
T =4x0.5+ (3.5 + 2)>< 0.2+ (l + 2) x0.3=4. Note T is also the weighted (by branch
length) total node abundance because 7T =0.5%x4+0.2x3.5+0.3%x1+0.5x2=4.
Conceptually, the ‘branch diversity’ is defined for an assemblage of four branches: each has,
respectively, relative abundance 0.5/7 =0.125, 0.2/7 =0.05, 0.3/7 =0.075 and
0.5/T =0.125; and each has, respectively, weight (i.e. branch length) 4, 3.5, 1 and 2. This is
equivalent to an assemblage with 10.5 equally weighted ‘branches’: there are four branches with
relative abundance 0.5/7 = 0.125 ; 3.5 branches with relative abundance 0.2/ 7T = 0.05 ; one
branch_with relative abundance 0.3/7 =0.075 and two branches with relative abundance
0.5/T =0.125 (This figure is reproduced from Fig. 1 of Chao et al. 2010)

interval from T years ago to the present”. Here “equally distinct” also implies that
the phylogenetic distance between any two species is 7, so lineages are completely
distinct (i.e., there are no shared branches).

The phylogenetic Hill numbers are invariant to the units used to measure branch

lengths. When all lineages are completely distinct, the measure ‘D (7)) reduces to
1/(1-q)

the Hill numbers /D = Za,.” . This includes the special case that T tends to

zero, i.e., the case that we ilgnore phylogeny and only consider the present-day com-
munity. This shows that the framework based on Hill numbers provides a unified
approach to integrate abundances and phylogeny. Also, here we have a simple ideal-
ized reference tree to understand the value of “D(T) =z for an arbitrary tree: the
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mean phylogenetic diversity of the tree over the time period [-T7, 0] is the same as
the diversity of an idealized assemblage consisting of z equally abundant and equally
distinct lineages all with branch length 7.

For ¢g=0, when T is chosen as the age of the root node, we have
°D(T) = Faith sPD /T, which can be interpreted as lineage richness. Faith’s PD
can thus be regarded as a phylogenetic generalization of species richness. We can
roughly interpret 'D(T) as the effective number of common lineages, and D (T')
as the effective number of dominant lineages in the time period [T, 0]. When T is
chosen as the age of the root node, a simple relationship exists between phyloge-
netic entropy Hp (Allen et al. 2009) and the measure 'D(T) :

'D(T)=exp(H,/T). (4¢)

For g=2, when T is chosen as the age of the root node, there is a simple relationship
between our measures and the widely used Rao’s quadratic entropy Q (Chao et al.
2010):

1

ZE(T):W

(4d)

The branch or phylogenetic diversity 4PD(T) of order g during the time interval
from T years ago to the present is defined as the product of “D(T’) and T. It quanti-
fies the amount of evolutionary history on the system over the interval [-T, 0], or
“the effective total branch-length” (Chao et al. 2010):

q l/(lfq)
qPD(T):Tx"E(T):{ZLi[%] } : (5a)

ieBy

1 —lim ¢ - _ % 0el &
PD(T)_lqlE} PD(T)—exp{ DL Tlog(TH. (5b)

ieBy

If g=0, and T is age of the root node, then °PD(T) reduces to Faith’s PD, regard-
less of branching pattern or abundances. As explained by Chao et al. (2010), we
could imagine that all the branch segments in the interval [-7, 0] form a single
assemblage with relative abundance set {a,/T; i€B7}. In this assemblage, for each i
there are L; “branches” with relative abundance a/7. Then the Hill number of order
q for this assemblage is exactly the branch diversity ?PD(T) given in Eq. (5a).
Dividing this Hill number by 7, we obtain “D(T) given in Eq. (4a). Note in our
framework that ?PD(T) is truly a class of Hill numbers (“the effective number of
lineage-years”), whereas ‘D(T) (“the effective number of lineages™) denotes a
(generalized) mean of Hill numbers. See Faith and Richards (2012) and Faith (2013)
for extensions of the measure PD(T).

Unlike previous phylogenetic diversity measures developed in the literature,
“D(T) and “PD(T) depend explicitly on two parameters, the abundance sensitivity
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parameter ¢ and the time perspective (or time-depth) parameter 7. The reasons we
need this time-depth parameter and our suggestion to choose a perspective time are
given as follows.

1. When we compare the phylogenetic diversities of several assemblages based on
the measures “D(T) and ‘PD(T), all measures should refer to the same time
periods to make meaningful comparisons. That is, the time-depth 7 should be
kept as the same for all assemblages. Therefore, a parameter is required to spec-
ify the time-depth.

2. The choice of time perspective should reflect an investigator’s aims and facilitate
comparisons with other studies. We suggest that at least two selected time per-
spectives should be included: T=0, and T=the age of the root node of a phylo-
genetic tree connecting all species in the study. For the case of 7=0, the
phylogeny is ignored and the diversity profile reduces to the profile in the
present-day assemblage based on the ordinary Hill numbers. If we choose T to
be the age of the oldest node in the tree, we recover some of the standard mea-
sures of phylogenetic diversity (see Eqs. (4c) and (4d)).

3. As suggested in Chiu et al. (2014), other time perspectives can be selected, such
as T=the age of the node at which the group of interest diverges from the rest of
the species. This choice of T is independent of the species actually sampled, so
it allows statistically robust comparisons across investigations and regions
(unlike the conventional choice of T as the root node of the tree containing the
species actually observed). This choice also provides an accurate measure of the
proportion of a taxonomic group’s evolutionary history preserved in a given
assemblage. Another choice is the time of the most recent common ancestor of
all taxa alive today. Other choices may be made, depending on the purpose of an
investigation. The formula in Chiu et al. (2014, p. 42) can be used to convert
phylogenetic diversity from one temporal perspective to another.

To see how the measures vary with g and time perspective 7, we recommend
using two types of profiles to completely characterize phylogenetic tree information
and species abundances as described below. See section “An example” for exam-
ples. (1) The first type of diversity profile is obtained by plotting “PD(T) or “D (T’
as a function of order g as g varies from O to about 3 or 4 (beyond which there is
usually little change), for some selected values of temporal perspective 7. For this
type of profile, “PD(T) and “D(T) have similar patterns as T is fixed, so it is suffi-
cient to plot the profile only for one measure. (2) The second type of diversity pro-
file is obtained by plotting PD(T) and “D(T’) as functions of T separately for g=0,
1, and 2. This profile shows the effect of time-depth or evolution change on our
diversity measures.

For the second type of profile, “PD(T) and “D(T) generally exhibit different
patterns (the profile of “D(T) is decreasing with T whereas the profile of 4PD(T)
for ¢=0 (Faith’s PD) is always increasing, and for g >0 is generally increasing up to
a certain point, so the profiles for both measures are informative. The parameter ¢
gives the sensitivity of the two measures to present-day species relative abundances.
As in the ordinary Hill numbers, the measures with g=2 favor more abundant
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species, so they are useful in ecological studies to examine the phylogenetic rela-
tionships of the dominant species in a set of assemblages, or those examining func-
tional diversity. The measures of ¢=0 emphasizes rare species, so they are useful
when abundance information is not necessarily relevant (e.g., when ecologists try to
identify past episodes of differentiation, or for some conservation biology applica-
tions). The measures with g=1 weigh species according to their frequencies and can
be used in most applications when neither dominant nor rare species should be
favored.

When the measure of evolutionary change is typically based on the number of
nucleotide base changes at a selected locus, or the amount of functional or morpho-
logical differentiation from a common ancestor, the branches of the resulting tree
will then be uneven, so the tree is non-ultrametric. In this case, Chao et al. (2010)
showed that the time parameter 7 in all formulas should be replaced by the mean
base change or mean branch length T, the mean of the distances from the tree base
to each of the terminal branch tips (i.e., the mean evolutionary change per species
over the interval of interest). See the right panel of Fig. 1 for an illustrative example.
Let B;_denote the set of branches connecting all focal species, with mean branch
length 7. Then we canexpress T as T = ZLl.al. . The diversity of a non-ultrametric

ieBz

tree with mean evolutionary change T is the same as that of an ultrametric tree with
time parameter T'. Therefore, the diversity formulas for a non-ultrametric tree are
obtained by replacing T by T in Egs. (4a), (4b), (5a), and (5b). The resulting mea-
sures are denoted respectively as ‘D (T), 'D(T). ‘PD(T) and 'PD(T); see Chao
et al. (2010) for details. When we compare the phylogenetic diversity based on the
measures ‘D (7)) and ‘PD(T) for several non-ultrametric trees, all measures
should refer to the same mean base change 7' to make meaningful comparisons.

Replication Principle for Phylogenetic Diversity Measures

The replication principle was generalized to a phylogenetic version in Chao et al.
(2010). Suppose there are N equally large and completely phylogenetically distinct
assemblages (no shared lineages across assemblages, though lineages within an
assemblage may be shared); see Fig. 2 (reproduced from Chiu et al. 2014) for an
illustrative example. Suppose these assemblages have the same phylogenetic Hill
number X. If these assemblages are pooled, then the pooled assemblages must have
a phylogenetic Hill number N x X. In the proof of this replication principle, Chao
et al. (2010) assumed that these N assemblages have the same mean branch lengths.
Here we relax this assumption and allow assemblages to have different mean branch
lengths. (In the special case of ultrametric trees, this means that we allow different
time perspectives for different assemblages.)

Suppose in assemblage k, the mean branch length is I_”k , and the branch set is
B; , (we omit 7_; in the subscript and just use By in the following proof for nota-
tional simplicity) with branch lengths {L;; i€B,} and the corresponding nodes
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P31

P12

fios Pa2
P11 P21 P31 P12 P22 P32 Pa P11 P21 P32

Fig. 2 Replication Principle for two completely phylogenetically distinct assemblages with
totally different structures. Left panel: Assemblage 1 (black) includes three species with species
relative abundances {p, p.1, ps; } for the three tips. Assemblage 2 (grey) includes four species with
species relative abundances {pi,, P2, P32, P42} for the four tips. The diversity of the pooled tree is
double of that of each tree as long as the two assemblages are completely phylogenetically distinct
as shown (no lineages shared between assemblages, though lineages within an assemblage may be
shared) and have identical mean diversities (i.e., phylogenetic Hill number). Right panel: The same
is valid for two completely phylogenetically distinct non-ultrametric assemblages (This figure is
reproduced from Fig. 1 of Chiu et al. 2014)

abundances {a;; i€B.}, k=1, 2, ..., N. Assume that all assemblages have the same
phylogenetic Hill numbers ‘D(T,) =X, implying ZLik al = X"™T, for all k =1,

ieB;
2, ..., N. When the N trees are pooled with equal weight for each tree, each node
abundance a; in the pooled tree becomes a;/N, and the mean branch length becomes

—_— N —_—
T = (1/ N ) sz Then the phylogenetic Hill number of order g for the pooled

k=1
assemblage becomes

k=lieB,

v I q 1/(1-q) L& 1/(1-q)

N ik | Yix _
D=5y 2 ] ‘{FZ? L} )
ie ( )

This proves a stronger version of the replication principle for phylogenetic Hill
numbers. Note the mean branch length in the pooled assemblage is the average of
individual mean branch lengths. For example, if "l_)(fl = 2) = qﬁ(fz = 6) =10,
then in an effective sense, there are ten lineages with mean branch length 2 in
Assemblage 1 and there are ten lineages with mean branch length 6 in Assemblage
2. The replication principle implies that there are 20 lineages in the pooled tree with
mean branch length 4. Since ‘PD(T,) = ‘D(T},)xT, , the replication principle for
the phylogenetic diversity ¢PpD(7) does need the assumption that all assemblages
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have the same mean branch lengths (7, =7, =...=T, v) . The proof is parallel and
thus omitted.

Decomposition of Phylogenetic Diversity Measures

Decomposition of species richness and its phylogenetic analogues into within- and
between-group (alpha and beta) components is widely used (Whittaker 1972; Faith
et al. 2009). However, these take no notice of abundance differences between sites.
Conservationists using these measures cannot distinguish a site whose species are
equally abundant from a site with the same species but with a highly skewed abun-
dance distribution whose most phylogenetically distinctive species are rare. The
former site would be a better bet for conservation. These considerations, and others,
motivate the development of decomposition theory for abundance-based phyloge-
netic diversity measures. The decomposition also leads to abundance-sensitive mea-
sures of phylogenetic similarity and complementarity.

When there are N assemblages, the phylogenetic Hill numbers ‘D (T) (Egs. 4a
and 4b) and phylogenetic diversity PD(T) (Eqs. 5a and 5b) of the pooled assem-
blage can be multiplicatively decomposed into independent alpha and beta compo-
nents (Chiu et al. 2014). We briefly describe the decomposition of the measure
“D(T) here for the ultrametric case, and only summarize the decomposition of the
measure ‘PD(T). The extension to the non-ultrametric case for both measures is
obtained by simply replacing all 7 in the formulas with the mean branch length 7'
of the pooled assemblage.

To begin the partitioning, a pooled tree is constructed for the N assemblages.
Assume that there are S species in the present-day assemblage (i.e., there are S tip
nodes). For any tip node i, let z; denote any measure of species importance of the
ith species in the kth assemblage, i=1, 2, ..., S, k=1, 2, ..., N. The measure z; is
referred to as “abundance” for simplicity, although it can be absolute abundances,
relative abundances, incsidence, biomasses, cover areas or any other importance

measure. Define z,, = Zz,.k (i.e., the “+” sign in z,, denotes a sum over the tip
nodes only) as the current size of the kth assemblage. Let z,, = Zz+ , be the total
k=1

abundance in the present-day pooled assemblage.

Now consider the phylogenetic tree in the time interval [-7,, 0], and in the pooled
assemblage define B; and L; as in section “Phylogenetic Hill numbers and related
measures”’. We extend the definition of z; to include all nodes and their correspond-
ing branches by defining z; for all i€B; as the total abundances descended from
branch i. (Here the index i can correspond to both tip-node and internal node; if i is
a tip-node, then z; represents data of the current assemblage as defined in the pre-
ceding paragraph.) As shown in Fig. 2 of Chiu et al. (2014), the diversity for each
individual assemblage can be computed from the pooled tree structure, and only the
node abundances vary with assemblages.
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N
In the pooled assemblage, the node abundance for branch i (i€By) is z,, = Zzl.k
k

=1
with branch relative abundance z;,/z,., so the phylogenetic gamma diversity of order
q can be calculated from Eq. (4a) as

1/(1-q)
_ o g
qDy(T)=%{ZLi[Z”TZ”j} ,420,q#1. (7a)

ieBp

The limit when ¢ approaches unity exists and is equal to

'D, (T)=1im D, (T) = exp{—z LF(Z—Jlog(Z—H (7b)
q—1 ! z z

ieBy ++ ++

The gamma diversity is the effective number of equally abundant and equally dis-
tinct lineages all with branch lengths 7 in the pooled assemblage.

Chiu et al. (2014) derived the following phylogenetic alpha diversity for ¢>0
and g#1:

1/(1-q)
_ 1 N(z [z

‘D,(T)=—1 S L (—"f j (8a)
TP

ieBy

For g=1, we have

_ _ Nz |z z, |z
D (T) = lim ‘D (T) =exp| =S LY 2t 2 o0 2 " Zee 100 (NT)| (8D
.(T) = lim *D, (T) XI{ 2 Z; 7 log = g(NT)| (8b)

i€eBy k

The alpha diversity is interpreted as the effective number of equally abundant and
equally distinct lineages all with branch lengths 7 in an individual assemblage.
When normalized measures of species importance (like relative abundance or rela-
tive biomass) are used to quantify species importance, we have z,,=N in Eqgs. (8a)
and (8b). The alpha formula then reduces to a generalized mean of the local diversi-
ties with the following property: if all assemblages have the same diversity X, the
alpha diversity is also X (Jost 2007). For non-normalized measures of species
importance, like absolute abundance or biomass, this property does not hold. This is
because when species absolute abundances are compared, for example, a three-
species assemblage with absolute abundances {2, 5, 8} will not be treated as identi-
cal as another three-species assemblage with absolute abundances {200, 500, 800}.
However, these two assemblages are treated as identical when only relative abun-
dances are compared.

Chiu et al. (2014) proved that the phylogenetic gamma Hill number (Egs. 7a and
7b) is always greater than or equal to the phylogenetic alpha Hill number (Eqs. 8a
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and 8b) for all g >0 regardless of species abundances and tree structures. Based on
a multiplicative partitioning, the phylogenetic beta diversity is the ratio of gamma
diversity to alpha diversity:

"Da ()

When the N assemblages are identical in species identities and species abun-
dances, then ‘1D (T) =1 for any 7. When the N assemblages are completely phylo-
genetically d1st1nct (no shared lineages), then qD (T)= N, no matter what the
diversities or tree shapes of the assemblages. The measure "D (T) thus quantifies
the effective number of completely phylogenetically distinct assemblages in the
interval [-T7, 0]. As proved by Chiu et al. (2014), the phylogenetic beta diversity
"Bﬂ (T) is always between unity and N for any given alpha value, imply_ing alpha
and beta components are unrelated (or independent) for both measures, ‘D (T") and
12PD(T); see Chao et al. (2012) for a rigorous discussion of un-relatedness and inde-
pendence of two measures. When all lineages in the pooled assemblage are com-
pletely distinct (no lineages shared) in the interval [-T7, 0], the phylogenetic alpha,
beta and gamma Hill numbers reduce to those based on ordinary Hill numbers. This
includes the limiting case in which T tends to zero, so that phylogeny is ignored.

Parallel decomposition can be made for the phylogenetic diversity 2PD(T), and
we summarize the following relations:  “PD (T)= "By (I')xT  and
‘PD,(T)="1 [)u (T)xT. Under a multiplicative partitioning scheme, we have
'PDy(T)=*PD,(T)/ "PD,(T) = ”5/3 (T), i.e., the beta components from parti-
tioning the phylogenetic Hill numbers ‘D (7T) and phylogenetic diversity “PD(T)
are identical, implying the interpretation and the corresponding similarity or dif-
ferentiation measures (in the next section) are also identical. Thus, it is sufficient to
focus only on the measure qﬁﬁ (T), which will be referred to as the phylogenetic
beta diversity or beta component for simplicity.

For each of the two measures, 7D (T) and “PD(T), alpha and gamma diversities
obey the replication principle. Then the beta diversity formed by taking their ratio is
replication-invariant (Chiu et al. 2014). That is, when assemblages are replicated,
the beta diversity does not change. Therefore, when we pool equally-distinct sub-
trees, such as pooling equally-ancient subfamilies, the beta diversity is unchanged
by pooling the subfamilies if all subfamilies show the same beta diversity (“consis-
tency in aggregation”).

We now give the phylogenetic beta diversities for the special cases of g=0, 1
and 2.

(a) When ¢g=0, we have Oﬁﬂ (T)=L,(T)/L,(T), where L(T) denotes the total
branch length of the pooled tree (the gamma component of Faith’s PD) and
L,(T) denotes the average length of individual trees (the alpha component of
Faith’s PD).

(b) When g=1, the phylogenetic beta diversity of order 1 is
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'Dy(T) = exp{(Hpﬁy -H,, )/T+i[z”‘jlog(z”‘J+logN}, (10a)
z

k=1 Z++ ++

where Hp, and Hp, denote respectively the gamma and alpha phylogenetic entropy.
When the species importance measure z; represents the ith species relative abun-
dance in the kth current-time assemblage, then z,, =1, z,, =N, z,, /z,, =1/N. In
this special case, we have ‘Bﬁ (T) = exEJ:(H py —Hp, )/ T |. Thus an additive
decomposition for phylogenetic entropy Hp holds (Pavoine et al. 2009; Mouchet
and Mouillot 2011), as for ordinary Shannon entropy (Jost 2007).

(c) When g=2, the phylogenetic beta diversity can be expressed as

N N
SLYs
k=1

2 ieBy =
D,(1)="t—""—.

2Lz,

ieB;

In the special case of z,, =1, z,, = N, this phylogenetic beta diversity of order 2
can be linked to quadratic entropy as

*D,(T)=(1-0,/T) /(1-0,/T)", (10b)

where Q, and Q, denote respectively the gamma and alpha quadratic entropy. The
above formula is also applicable to non-ultrametric trees by replacing all 7 with T ,
the mean branch length in the pooled assemblage; see Chiu et al. (2014, Appendix
C) for a proof.

Normalized Phylogenetic Similarity Measures

For traditional abundance-based diversity, the most commonly used similarity mea-
sures include N-assemblage generalizations of the Jaccard et al. (1966) and Morisita-
Horn (Morisita 1959) measures. The latter three measures were integrated into a
class of C,y measures by Chao et al. (2008). Jost (2006, 2007), Chao et al. (2008,
2012), and Chiu et al. (2014) have demonstrated that all the above measures are
monotonic transformations of beta diversity based on the ordinary Hill numbers.
This is an advantage of using the framework of Hill numbers: a direct link exists
between diversity and similarity (or differentiation) among assemblages.

Chiu et al. (2014) extended this framework by proposing four classes of similar-
ity (or differentiation) measures that are monotonic functions of phylogenetic beta
diversity. The basic idea is that the phylogenetic beta diversity, a ratio of gamma and
alpha phylogenetic Hill numbers, is independent of alpha and measures the pure
differentiation among assemblages. The phylogenetic beta component always lies



Phylogenetic Diversity Measures and Their Decomposition: A Framework Based... 159

in the range [1, N] for any measures of species importance and all orders g >0.
Since the range depends on N, the phylogenetic beta diversity cannot be used to
compare phylogenetic differentiation among assemblages across multiple regions
with different numbers of assemblages. To remove the dependence on N, several
transformations can be used to transform the phylogenetic beta component onto [0,
1] to measure local overlap, regional overlap, homogeneity and turnover. We give a
summary of these four transformations below and tabulate formulas and the rela-
tionship with previous measures in Table 1 for the two most important classes. The
formulas for the special cases for g=0, 1 and 2 are also displayed there.

1. A class of branch overlap measures from a local perspective:

N4 _[ qDﬁ (T)]lfq
N -1 '

C(T)= (11a)

This gives the effective average proportion of shared branches in an individual
assemblage. This class of similarity measures extends the C,y overlap measure
derived in Chao et al. (2008) to a phylogenetic version. The corresponding dif-
ferentiation measure l—C_’qN (T') quantifies the effective average proportion of
non-shared branches in an individual assemblage.

(1a) For g=0, this similarity measure is referred to as the “phylo-Sgrensen”
N-assemblage overlap measure because for N=2, it reduces to the measure
PhyloSg¢r (phylo-Sgrensen) developed by Bryant et al. (2008) and Ferrier
et al. (2007). B

(1b) For g=1, this measure C,,(T) is called the “phylo-Horn” N-assemblage
overlap measure because it extends Horn (1966) two-assemblage measure
to incorporate phylogenies for N assemblages.

(1c) Forg=2, 5’2 v (T) 1is called the “phylo-Morisita-Horn” N-assemblage simi-
larity measure because it extends Morisita-Horn measure (Morisita 1959)
to incorporate phylogenies for N assemblages. The differentiation measure
I—EZN(T ) when the species importance measure is relative abundances
reduces to the measure proposed by de Bello et al. (2010). However, their
measure is valid only for ultrametric trees (p. 7 of de Bello et al. 2010).
Here, the measure can be applied to non-ultrametric trees to obtain

_ __1—[1/25B(f)]_ 0 -0,
1-Cy(T) = N _(1—1/N)(T—Qa)’ (11b)

where Q, and Q, are respectively gamma and alpha quadratic entropy, and
T is the mean branch length in the pooled assemblage. A general form for
any species importance measure (including absolute abundances) is
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ZLi ﬁ: (Zim —Zy )2

ieBz  m>k

(N_l) ZLigzizk |

ieB; =

1-C,(T) = (11c)

The above expression shows that the similarity index 52 ¥ (T), as in all other
abundance-sensitive similarity measures, is unity if and only if z, =z, (e,
species importance measures are identical for any node i in the branch set and for
any two assemblages j and k). This reveals that the similarity index 52 v (T)
quantifies the node-by-node resemblance among the N abundance sets {zy;
i€eBz}, k=1, 2, ..., N from a local perspective. See Fig. 2 of Chiu et al. (2014) for
a simple example of the framework.

2. A class of branch overlap measures from a regional perspective:
(17D, ] " ~(1/N)™

Un(T)= - (12a)
1-(1/N)™*

This class of measures quantifies the effective proportion of shared branches in
the pooled assemblage. The corresponding differentiation measure 1-U ()
quantifies the effective average proportion of non-shared branches in the pooled
assemblage.

(2a) For g=0, this measure is called the “phylo-Jaccard” N-assemblage measure
because for N=2 the measure 1-U,,(T) reduces to the Jaccard-type
UniFrac measure developed by Lozupone and Knight (2005) and the PD-
dissimilarity measure developed by Faith et al. (2009).

(2b) For g=1, this measure is identical to the “phylo-Horn” N-assemblage over-
lap measure C,, (T); see Table 1.

(2c) For g=2, we refer to the measure U,\(T) as a “phylo-regional-overlap”
measure. When the species importance measure is relative abundance, we
have the following formula for non-ultrametric trees:

N-Dy(T) _9,-0,
N-1 (N-1)(T-0,)

1_[721\/(]_1):

where T denotes the mean branch length in the pooled assemblage. A
general form for any species importance measure (including absolute abun-
dances) is

ZL[ i (2im =24 )2

ieBy  m>k

(N-) YL

ieB7

1-U,,(T)=
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The numerator is the same as that in C,, (T), revealing that the similarity
index U,, (T) also quantifies the node-by-node resemblance among the N
abundance sets {zy; i€EB7}, k=1, 2, ..., N; but here the denominator (for the
purpose of normalization) is different and takes a regional perspective.

3. A class of phylogenetic homogeneity measures

1/Dy(T)~1/N

S ()=
w (@ 1-1/N

(12b)

This measure is linear in the proportion of regional phylogenetic diversity con-
tained in a typical assemblage.

(3a) For ¢g=0,_it reduces to the “phylo-Jaccard” measure Un(D), ie.,
Sy (M) =Uy (1)

(3b) For g=1, this measure does not reduce to the “phylo-Horn” overlap
measure.

(3c) For g=2, this measure is identical to 52 v(T), the “phylo-Morisita-Horn”
similarity measure, i.e., S,, (T) = C,, (T).

4. A class of measures of the complement of “phylogenetic turnover rate”:

N—qﬁp(r)zl_qbﬁ(T)—l

VD=1 N-1

(12¢)

This measure in linear in the phylogenetic beta diversity and the corresponding
differentiation measure ["Dﬁ (- IJ / (N —1) quantifies the relative branch
turnover rate per assemblage.

(4a) For g=0, the measure 170 v(T) is identical to the “phylo-Sgrensen” mea-
sure, i.e., Vy, (T)=Cy(T) .

(4b) For g=1, this measure does not reduce to the “phylo-Horn” overlap
measure.

(4c) For g=2, this measure is identical to U,y(T), the “phylo-regional-overlap”
measure. That is, ¥, (T) = U, (T).

As with the phylogenetic diversity measures, all the above similarity or differentia-
tion measures are functions of two parameters: the sensitivity parameter g and the
time perspective T. Thus, for each measure, we suggest using the two types of pro-
files described in section “Phylogenetic Hill numbers and related measures” for the
two major similarity measures C (7)) and U,(T) (or their complements) to convey
complete information about the similarity or differentiation of a set of assemblages.
An example showing the two types of profiles is given in section “An example”.
The lineage excess "Dy (T)- qﬁa (T) and the phylogenetic diversity excess
‘PD,(T)—- "PD,(T) can be interpreted as the effective number of regional lineages
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(or regional phylogenetic diversity) not contained in a typical local assemblage.
However, they cannot be directly applied to compare the similarity or differentiation
across multiple regions because both depend not only on the number of assem-
blages, but also on their corresponding alpha diversity. Following Chao et al. (2012)
and Chiu et al. (2014, their Appendix D) proved that we can eliminate these depen-
dences by using an appropriate normalization. After proper normalizations, the two
measures lead to the same four classes of normalized similarity and differentiation
measures as those obtained from the phylogenetic beta diversity. This is another
advantage of using the framework of phylogenetic Hill numbers. That is, a consen-
sus can be achieved on phylogenetic similarity and differentiation measures, includ-
ing N-assemblage phylogenetic generalizations of the classic Jaccard, Sgrensen,
Horn and Morisita-Horn measures, regardless of whether one prefers multiplicative
or additive decompositions.

An Example

We apply the phylogenetic diversity measures and similarity (or differentiation)
measures considered in this chapter to a real conservation biology case discussed by
Pavoine et al. (2009), a heavily-fished assemblage of 52 rockfish species of the
genus Sebastes collected for 20 years over three decades (1980-1986, 1993-1994,
1996, 1998-2007) from the Southern California Bight, USA. The phylogenetic tree
for these 52 species was obtained from Hyde and Vetter (2007); see Fig. 3a. The age
of the root for these species is around 7.9 million years (Myr).

We separate the data into three decades: 1980s, 1990s and 2000s, which will be
referred to as Assemblages (and Decades) I, II and III respectively. Within each
decade’s assemblage, species abundances are pooled. The species relative abun-
dances for the three assemblages are shown in Fig. 3a. There were 48, 44 and 39
species in Decades I, I and III, respectively. (Note that each data point here is a
mean of many years’ observations.) A sub-tree containing only the six dominant
species (those with relative abundance >8 % in at least one assemblage) is shown in
Fig. 3b. All six species are shared in the three assemblages and four of them have
been in isolated lineages for 6 Myr.

As suggested in section ‘“Phylogenetic Hill numbers and related measures”, we
present for each assemblage two types of profiles. In Fig. 4a, we plot the measure
“D(T) as a function of order ¢, 0 < ¢ < 3, for two selected values of temporal per-
spectives: T=0 (phylogeny is ignored) and T=7.9 Myr (whole phylogenetic tree in
Fig. 3a is considered). In Fig. 4b, we plot “D(T) and “PD(T) as functions of T sepa-
rately for g=0, 1, and 2 for 0 < 7 < 10.

Based on our phylogenetic diversity measures, all profiles in Fig. 4 reveal that the
diversity in the most recent decade (Decade III) is the lowest among the three
decades in the rockfish assemblage. This implies an appreciable loss of species (as
shown in the first type of profile for 7=0), loss of lineages (as shown in the second
type of profile based on the measure ‘D (T’)), and loss of evolutionary history (as
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Fig. 3 (a) The phylogenetic tree of 52 rockfish species of the genus Sebastes (Hyde and Vetter
2007) and the species relative abundances in three assemblages: 1980s (Decade I), 1990s (Decade
II) and 2000s (Decade III). The age of the root is T7=7.9 Myr. (b) A sub-tree contains only the
dominant species (those with relative abundance >8 % in at least one assemblage), and these spe-
cies are marked in figure (a). All six species are shared by the three assemblages and four of them
diverged around 6 Myr ago (i.e., they have been in isolated lineages for 6 Myr) (See Pavoine et al.
(2009) for details)

shown in the second type of profiles based on the measure PD(T)) over the three
decades.

When species/lineage abundances are discounted (¢g=0 in the left panels of
Fig. 4b), both lineage richness (based on the measure °D(T)) and total branch
lengths (based on the measure °PD(T), i.e., Faith’s PD) exhibit the expected order-
ing: Decade I>Decade II>Decade III. When species/lineage abundances are
counted (i.e. ¢g=1 and 2 in Fig. 4b), the profiles for Decades I and II cross because
the assemblage of Decade II has more even abundant species than that of Decade 1
(see the first type of profiles for 7=0 and Fig. 3a, b). Note that if the time-depth is
greater than 6 Myr (including the age of the root), then all the abundance-sensitive
phylogenetic measures for the three assemblages are very close because most of the
dominant species began to diverge around 6 Myr (Fig. 3b). This also explains the
closeness of the three profiles in the first type of profile for 7=7.9 Myr (the right
panel in Fig. 4a).
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Fig. 4 (a) The first type of diversity profile plots YD (7") as a function of order ¢, 0< ¢ <3, for
two selected values of temporal perspectives: 7=0 (non-phylogenetic case) and 7=7.9 Myr (the
age of the root of the phylogenetic tree in Fig. 3a). (b) The second type of diversity profile plots
“D(T) (phylogenetic Hill number) and “PD(T) (phylogenetic diversity) as functions of T,
0<T<10, separately for g=0, 1 and 2

To illustrate the phylogenetic differentiation among assemblages, we focus on
measuring the phylogenetic differentiation between any two decades for three pairs
(i.e. Decades I vs. I, Decades I vs. III and Decades II vs. III). To see how the phy-
logenetic differentiation measures vary with the time perspective g and with the
order T, we show two types of profiles for each of the two differentiation measures
1-C,(T) and 1-U,,(T) in Figs. 5 and 6. In Fig. 5a, we present the first type of
profile that plots the measure 1-C,, (7') as a function of g where ¢ is in the range
[0, 3] for two time perspectives: T=0 (non-phylogenetic case) and 7=7.9 Myr (the
age of the root node). In Fig. 5b, the same type of differentiation profile is shown for
the other measure 1-U (7). Then in Fig. 6a, b, we present the second type of
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Fig.5 (a) Differentiation profiles of the measure 1 —C o (T') and (b) of the measure 1—U N (T)
as a function of order ¢, 0 < g <3, for two specific time perspectives: =0 (left panels, correspond-
ing to non-phylogenetic differentiation profiles), and 7=7.9 Myr (right panels, corresponding to
the profiles for the age of the root node of the pooled phylogenetic tree in Fig. 3a) for three pairs
of assemblages (I vs. I, I vs. III, and II vs. III)

profile that shows the two measures as a function of temporal perspective 7,
0<T<10, for g=0, 1 and 2 separately.

Based on the two phylogenetic differentiation measures, all profiles in Figs. 5
and 6 show consistent patterns. When species/lineages abundances are discounted
(g=0), the differences among the differentiation measures of the three pairs of
assemblages are not appreciable, as shown in the two left panels in Fig. 6 and in the
initial point in each of profiles in Fig. 5. When species/lineages abundances are
counted (g > 0), the compositional differentiation between Decades I vs. II is gener-
ally close to that between Decades I vs. III, and the differentiation between two
recent decades (Decades II vs. III) is much lower than any of the other two pairs.
This implies that the composition of species/lineage abundances has changed after
1990. Examining the relative abundances for those dominant species listed in
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Fig. 3b, we see that the most abundant species S. paucispinis (23 %) in Decade 1
became less abundant in both Decade II (9 %) and Decade III (11 %); the second
most abundant species S. mystinus (11 %) in Decade I became quite rare in both
Decade I (4 %) and Decade III (5 %). Also, the species S. miniatus in Decade I was
rare, but it became the most dominant species in both Decade II (12 %) and Decade
IIT (25 %). These compositional changes for dominant species help explain the
above findings.

As the time perspective T becomes large, more dominant shared lineages are
added to the two assemblages, implying the differentiation between any two assem-
blages should exhibit a non-increasing trend as 7 is increased. Our two differentia-
tion measures for g > 0 in Fig. 6 show the expected decreasing trend, and the decline
rates differ for g=1 and g=2. Based on Fig. 3b, we see that most of the dominant
and isolated species began to diverge around 6 Myr ago. Thus, the two differentia-
tion profiles for g=1 and 2 start to decrease sharply around 6 Myr especially for
order g=2. Since the node abundances near roots (where the differentiation values
are near zero) are relatively high and dominant in the whole tree, all values of the
phylogenetic differentiation measures for 7=7.9 Myr (the first type of profile for
T=7.9 Myr in the right panel of Fig. 5) are substantially lower than their corre-
sponding non-phylogenetic differentiation measure by comparing two figures (7=0
and 7=7.9 Myr) in each row of Fig. 5. The two types of profiles (in Fig. 5a, b, and
6a, b) demonstrate that the two differentiation measures 1— C_'qN (T) and 1- quv (T)
can incorporate the differences in both tree structure and lineage abundances.
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Fig. 6 (a) Differentiation profiles of the measure 1—C, (T') and (b) of the measure 1-U  (T'),
as a function of the time perspective (or time-depth) 7, 0 <7< 10, for g=0 (left panel), g=1 (middle
panel), and g=2 (right panel) for three pairs of assemblages. All measures are computed for the inter-
val [-T, 0], where T varies from O to 10
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In summary, our phylogenetic diversity measures have shown an appreciable loss
of species, lineage and evolutionary history in rockfish assemblage over time due to
fishing pressure, and our phylogenetic differentiation measures show a pronounced
change of species/lineages composition after 1990.

Conclusion

1. To quantify phylogenetic diversity of an assemblage, we suggest using two mea-
sures: (i) the phylogenetic Hill number ‘D (T) (Egs. 4a and 4b) which measures
the “the effective number of equally abundant and equally distinct lineages all
with branch lengths 7, and (ii) the phylogenetic or branch diversity PD(T)
(Egs. 5a and 5b) which measures the “effective total lineage-length”, i.e., the
total evolutionary history on an assemblage since time 7. These two measures
depend explicitly on two parameters, the abundance sensitivity parameter g and
the time perspective (or time-depth) parameter 7.

2. Two types of diversity profiles are recommended for considering species/branch
abundances and phylogenetic information: (i) The first type of diversity profile is
obtained by plotting “PD(T) or “D(T) as a function of order g, for some selected
values of temporal perspective 7T including 7=0 (i.e., the non-phylogenetic pro-
file based on the ordinary Hill numbers), and T = the age of the most basal node.
See the upper panels of Fig. 4 for an example. It would be also informative to
include T = the age of the divergence between the group under study and the rest
of the tree. (ii) The second type of diversity profile is obtained by plotting 4PD(T)
and "E(T ) as functions of T separately for g=0, 1, and 2; see the middle and
lower panels of Fig. 4 for an example. The second type of profile shows the effect
of time-depth or evolution change on our diversity measures.

3. When there are multiple assemblages, the phylogenetic gamma Hill number is
the effective number of equally abundant and equally distinct lineages in the
pooled assemblage; the phylogenetic alpha Hill number is the effective number
of equally abundant and equally distinct lineages per assemblage. Thus the phy-
logenetic beta Hill number, as the ratio of gamma and beta, is interpreted as “the
number of phylogenetically completely distinct assemblages”. In this case, alpha
and beta are unrelated (or independent). The difference of phylogenetic gamma
and alpha Hill numbers is lineage excess, which is dependent on both alpha and
gamma. The phylogenetic beta Hill number and lineage excess lead to the same
classes of similarity and differentiation measures, listed in section “Normalized
phylogenetic similarity measures”. See Table 1 for the two major classes of phy-
logenetic overlap measures, C‘qN (T) from a local perspective and U,(T) from a
regional perspective.

4. To assess the phylogenetic resemblance or differentiation among assemblages,
two types of similarity or differentiation profiles as those in Point 2 are suggested
for the two major classes of measures, C’qN (T) and UqN(T) (Table 1); see Figs. 5
and 6 for examples.
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Abstract About 20 years ago the concepts of phylogenetic diversity and phylogenetic
split networks were separately introduced in conservation biology and evolutionary
biology, respectively. While it has been widely recognized that biodiversity assess-
ment should better take into account the phylogenetic tree of life, it has also been
widely acknowledged that phylogenetic networks are more appropriate for phyloge-
netic analysis in the presence of hybridization, horizontal gene transfer, or contra-
dicting trees among genomic loci. Here, we aim to combine phylogenetic diversity
and networks into one concept, split diversity (SD), which properly measures biodi-
versity for conflicting phylogenetic signals. Moreover, we reformulate well-known
conservation questions under the SD framework and present computational methods
to solve these, in general, computationally intractable questions. Notably, integer
programming, a technique widely used to solve many real-life problems, serves as
a general and efficient strategy that delivers optimal solutions to many biodiversity
optimization problems. We finally discuss future directions for the new concept.
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Introduction

The previous book chapters show that in the presence of phylogenetic information
it is more appropriate to assess biodiversity based on phylogenetic trees than on the
concept of species richness (see also May 1990; Vane-Wright et al. 1991).
Phylogenetic diversity (PD; Faith 1992) is a popular measure of the amount of evo-
lutionary history encompassed by the species under consideration. Given a phylo-
genetic tree for a set of taxa, PD of a taxon subset is defined as the sum of the branch
lengths of the minimal subtree connecting those taxa. The definition of PD per se
requires “a reliable estimate of phylogenetic relationships among the taxa”
(Faith 1992). However, such a reliable estimate is sometimes hard to obtain due to,
for example, model misspecification (Jermiin et al. 2008) or even intrinsically non-
treelike evolutionary patterns. More recently, phylogenomic studies often revealed
conflicting phylogenetic signals among genomic loci, adding the complication how
to compute PD from multiple trees.

Figure 1 illustrates the problem. Here, phylogenetic trees are reconstructed for
ten pheasant species from the mitochondrial cytochrome b gene (CYB) and the
intron 3 of the dimerization cofactor of hepatocyte nuclear factor 1 (DCoH3) (data
from Kimball and Braun 2008). The two resulting trees, denoted by Ty and Tpc,ps,
clearly separate the two genera Gallus (junglefowl) and Polyplectron (peacock-
pheasant). However, they strongly contradict within the Gallus clade. For example,
G. sonneratii (grey junglefowl) and G. varius (green junglefowl) are the basal
Gallus species in T¢yp and Tpe,ps3, respectively. The trees also disagree on the phylo-
genetic positions of P. emphanum (Palawan peacock-phesant) and P. malacense
(Malayan peacock-pheasant). Moreover, edge lengths of the trees represented by

2 1G.sonneratii G.sonneratii
G.gallus G.gallus
G.lafayetii G.lafayetii
G.varius G.varius
P.emphanum —___ P.emphanum ]
P.germaini P.germaini
P.inopinatum P.inopinatum
P.bicalcaratum ——— ______ P.bicalcaratum
P.chalcurum P.chalcurum
P.malacense ———___ P.malacense =

Fig. 1 Maximum likelihood phylogenetic trees inferred with IQ-TREE (Minh et al. 2013) from
the mitochondrial CYB and the nuclear intron DCoH3 for four Gallus (junglefowl) and six
Polyplectron (peacock-pheasant) species. The scalebar represents the expected number of nucleo-
tide substitutions per site. Highlighted in boldface are the four species maximizing phylogenetic
diversity
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the expected numbers of substitutions per site substantially differ between the trees.
This particular example reflects the fact that the evolutionary relationships among
these birds are still controversial and more data is needed to elucidate the galliform
tree of life (e.g., Wang et al. 2013).

If one is interested in selecting four species maximizing PD, then one indeed
ends up with two different sets of species (highlighted in bold-face, Fig. 1) and only
P. emphanum occurs in both subsets.

To resolve this issue, we introduced the concept of Split Diversity (SD), which
generalizes PD by combining information from multiple trees (Minh et al. 2009).
For example, SD of a taxon set can be defined as the average PD of the two trees.
By maximizing SD one then simultaneously maximizes PDs over all trees, which
captures conflicting phylogenetic signals between the trees. Moreover, computing
SD this way is equivalent to computing “phylogenetic diversity” from the so-called
phylogenetic split networks (Bandelt and Dress 1992a; Huson et al. 2010). SD has
also been recently applied to prioritize populations for conservation (Volkmann
et al. 2014). In the following we formalize the concept of split networks and the
measure of split diversity. Further, we reformulate well-known biodiversity optimi-
zation problems under the framework of SD, present algorithmic solutions and
computational tools to these problems. Finally conclude the chapter with future
perspectives.

Phylogenetic Split Networks

Rooted phylogenetic trees as shown in Fig. 1 are well understood. Here, both trees
show that the common ancestor of the taxa considered has the ancestors of the two
genera as direct descendants. In general, interior nodes indicate ancestral taxa of the
leaf nodes, and the edge lengths give an estimate of the amount of change observed
between nodes. However, if one wishes to combine the information in both trees, it
becomes difficult to identify clear ancestors. For example, T¢yp and Tpe,y3 disagree
whether G. sonneratii or G. varius is the basal Gallus species. In order to visualize
these conflicts phylogenetic split networks have been devised.

We start by describing splits. A split, denoted by A|B, is defined as a bipartition
of the taxon set X into two disjoint subsets A and B, indicating that there is an
observable amount of divergence between the two subsets. Every edge in a tree
generates a split. If one removes an edge, the tree decomposes into two subtrees,
each of which connects a unique set of leaves. T¢yz has 17 splits (edges), while
Tpcons has 15 splits (2 splits in Tpe,u3 have zero length and are collapsed as they do
not influence subsequent computations). Figure 2a shows the union set X of 20 dis-
tinct splits occurring in the pheasant trees (Fig. 1). T¢yp and Tpe,ys share the ten
trivial splits 01, 0,, ..., 619 corresponding to external edges of the trees. The trees also
share two non-trivial splits 013 and o6, Where o4 corresponds to the internal edges
separating Gallus from Polyplectron species. The remaining splits are unique to
each tree.



176 O. Chernomor et al.

Species =
Splits |

P. bicalcaratum
P. chalcurum
P.emphanum

P. germaini
P.inopinatum

P. malacense
G. gallus

G. lafayetii

G. sonneratii
G. varius

*

Trivial splits
&

Non-trivial splits
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P.malacense
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P.chalcurum
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Fig.2 (a) Set of all splits extracted from the trees in Fig. 1. Each split ¢ is a bipartition A|B, where
“*” and ‘.’ represent taxa in A and B, respectively. Conflicting splits are colored. (b) Visualization
of this split set as a phylogenetic split network. Conflicting splits are colored accordingly and
depicted by parallelograms. Here, split weights are assigned as the mean of the weight of the cor-
responding edges in the two trees. Highlighted in boldface are the four species maximizing split
diversity
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This split set is visualized in a phylogenetic split network (Fig. 2b). The major
difference to trees is that the interior nodes of a split network cannot be regarded as
representing ancestral taxa. Instead, the weight of a split A|B indicates the amount
of difference between the taxon set A and B. A split is visualized by a single edge or
a set of parallel edges. The former indicates that the split does not conflict any other
splits, while the latter indicates at least one conflict. Therefore, two conflicting splits
are visualized by a parallelogram. For example, oy, (in cyan, Fig. 2) and o5 (in pink)
contradict each other on the placement of P. emphanum and P. malacense. This
disagreement generates a narrow parallelogram at the basal Polyplectron.

If more than two splits are in disagreement, the split network will show multiple
connected parallelograms. For example, o, (in red, Fig. 2) conflicts with o9 (in
green) and oy (in yellow). o9 also contradicts o5 (in blue). Therefore, 617, 013, 019
and oy are visualized by three red, two blue, three green, and two yellow parallel
edges, respectively. This generates three parallelograms within Gallus (Fig. 2b).

Not every split set can be visualized in two dimensions. For example, assuming
that we had a third tree that places G. gallus at the basal Gallus lineage. This would
introduce one split contradicting with both &y, and o,9. These triple-wise conflicting
splits are depicted by a three dimensional parallelepiped. The resulting split network
is not easily visualized anymore. However, for the following it suffices to directly
work on the split set (Fig. 2a).

The Measure of Split Diversity

Given a split set X, the SD of a taxon subset Y is defined as the sum of the weights
A of all splits separating taxa in Y. Here, a split A|B e X separates Y if Y N A and
Y N B are both non-empty. Thus, we get

SD()= > 2,

oeX:o separates ¥

To illustrate, given X in Fig. 2, for Y={P. malacense, P. germaini, P. emphanum,
G. lafayetii} we have SD(Y) = A+ A+ A+ A+ A+ A, +...+ A, where A, = )"6;
is defined as the average of the corresponding branch lengths in Ty and Tpcoms.
Here, contradicting splits such as o; and o9 are considered in the SD
computation.

If the split set X corresponds to a tree (i.e. no conflicting splits exist in X), then
SD is equivalent to PD. The definition of SD therefore generalizes PD. For this
reason we focus on SD for the remaining of the chapter.

Biodiversity Optimization Problems

Conservation problems mainly fall into two categories: taxon selection and reserve
selection (Fig. 3), where the conservation targets are either taxa or geographical
areas, respectively. Under PD, the simplest taxon selection problem (Faith 1992) is
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Fig. 3 The “network” of biodiversity optimization problems

to identify a subset of k taxa that maximizes PD on a phylogenetic tree of n taxa
(2 < k< n). For reserve selection we define PD on a subset of areas as the PD of the
union taxon set of the areas. The simplest reserve selection problem is analogously
to identify a subset of k areas that maximizes PD over all subsets of k areas. In the
following, we reformulate these problems using SD and further integrate economi-
cal and ecological constraints into the extensions.

Taxon Selection Problems

We start with the simplest taxon selection problem formally defined as:

Problem 1 (Taxon Selection)
Given a phylogenetic split set for n taxa, find a subset of k taxa that maximizes
SD over all subsets of & taxa.

As an illustration, given the split set for ten pheasants (Fig. 2) we want to select
four taxa maximizing SD. By doing so we yield an optimal subset (highlighted in
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bold-face; Fig. 2b), which shares three taxa (P. emphanum, P. malacense, and
G. lafayetii) with the CYB-based subset (left panel of Fig. 1) and only two taxa
(P. emphanum and P. germaini) with DCoH3-based subset (right panel of Fig. 1).
The SD approach therefore provides a “consensus” solution over the two independent
PD analyses. Problem 1 is known to be NP-hard (Spillner et al. 2008), which means
that to find an optimal set it may, in the worst case, necessary to compute the SD for
the exponentially many subsets 7.

Problem 1 implicitly assumes that each taxon requires the same amount of
resources for conservation. If we knew the preservation costs for each taxon and
were provided with a finite budget, then a more realistic scenario is to allocate this
budget among the taxa so as to obtain the highest diversity. This process is known
as conservation triage (Bottrill et al. 2008) and formally defined as:

Problem 2 (Budgeted Taxon Selection)

Given a split set and conservation costs for each taxon, find a subset of taxa
whose total conservation costs do not exceed a predefined budget while maxi-
mizing SD.

Problem 1 and 2 ignore ecological relationships between taxa. In real life species
interact with each other within a dependency network such as predator-prey rela-
tionships (Witting et al. 2000; van der Heide et al. 2005; Moulton et al. 2007).
In general, a dependency network is, typically, an acyclic directed graph, where
nodes in the graph represent taxa and edges represent dependencies between
nodes. Figure 4 shows an artificial example of such a network for the pheasants.
Here, G. sonneratii depends on P.malacense and P.germaini, depicted by two edges
connecting G.sonneratii with these two taxa. We note that this is a purely fictional
example, but it illustrates the major principles of including a dependency structure
in conservation decisions.

A taxon is called viable in a subset of taxa if this taxon does not depend on any
other taxon, or if it does depend on some taxa, then at least one of them is also pres-
ent in the subset. For example, G.sonneratii is viable in a subset if this subset also
contains Pmalacense or P.germaini. P.emphanum and G.gallus are viable in any
(sub)set since they do not depend on any other species.

A subset is called viable if all its taxa are viable in this set. For example,
{P. emphanum, P. bicalcaratum, P. germaini, G. sonneratii} is a viable subset,
whereas { P.emphanum, P.bicalcaratum, G.lafayetii, G.sonneratii} is not viable.

We now formally define the viable taxon selection problem as

Problem 3 (Viable Taxon Selection)
Given a split set and a dependency network, find a viable subset of k taxa,
which maximizes SD.
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Fig. 4 Artificial example of dependency network for the pheasant data set

Reserve Selection Problems

For reserve selection we define the SD of a subset of areas as the SD of the union
set of taxa present in these areas. The reserve selection is formalized as:

Problem 4 (Reserve Selection)
Given a split set for n taxa distributed in m areas, find a subset of k areas that
maximizes SD over all subsets of k areas.

To illustrate the problem consider the geographical distribution of the ten pheas-
ants (Table 1). The data were obtained from the global biodiversity information
facility (www.gbif.org; accessed on December 1st, 2013), where a country is listed
as habitat only if there are at least three observations for the species. Table 1 shows
that these pheasants occur in eight countries in South Asia. G. gallus and P. bical-
caratum occur in seven and two countries, respectively, whereas the remaining
species are endemic to one country. Indonesia and Malaysia each host three species,
Sri Lanka only one species, and the remaining five countries are home to two
species each.

If one wants to select four countries with maximal diversity, then the decision
heavily depends on the trees or network (Figs. 1 and 2b). Table 2 shows that using
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Table 2 Four countries PD - CYB PD — DCoH3 SD
maximizing PD on the CYB . - .

tree (first column), PD on the M%flfiysra ) Indones.la Q) MzrlflysTa €)
DCoH3 tree (second Philippines (2) Malaysia (3) Philippines (2)
column), and SD on the split Sri Lanka (1) Philippines (2) Indonesia (3)
network (third column) India (2) Vietnam (2) India (2)

Highlighted in boldface are the countries present in all
optimal sets. The number of species present in the country
is given in brackets

the CYB and DCoH3 regions, the optimal sets only overlap in two countries:
Malaysia and Philippines. If we now maximize SD instead, then the optimal set
includes these two countries, the third one preferred by the PD-DCoH3 set
(Indonesia), and the fourth one by the PD-CYB set (India). The union of the species
sets for the selected areas contains seven species.

If budget data is available, then we have a budgeted reserve selection problem.
Here, preserving these species in each country comes at a cost and we need to select
those countries that maximize SD within an allocated budget.

Problem 5 (Budgeted Reserve Selection)

Given a split set for n taxa distributed on m areas and conservation costs for
each area, find a subset of areas whose total conservation costs do not exceed
a predefined budget while maximizing SD.

Computational Methods in Conservation Planning

The algorithms to solve the aforementioned Problems 1-5 are those that are guaran-
teed to produce an optimal solution, often referred to as exact algorithms, and those
that are not. The former includes algorithms that are based on integer programming
and dynamic programming, whereas the latter comprise greedy algorithms, approx-
imation algorithms and algorithms based on simulated annealing. We will start with
greedy algorithms, as they are simple and probably most widely applied in conser-
vation planning.

Greedy Algorithms

Greedy algorithms are a simple and general heuristic strategy but, usually, do not
guarantee optimal solutions. Kirkpatrick (1983) was probably the first to apply a
greedy algorithm to find a solution to Problem 4, the simple reserve selection, but
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under the species richness concept. His greedy algorithm coined “complementarity
principle” first identifies the most species-rich area. In the second step, it finds the
area, which “adds” the most numbers of new species to the firstly chosen area. This
is repeated until k areas are obtained. Such a complementarity principle has been
applied to maximize PD (Faith 1992) and also applied elsewhere (e.g., Vane-Wright
et al. 1991; Pressey et al. 1997). Recently, Bordewich and Semple (2008) have
proven that the greedy algorithm applied to Problem 5 under PD will generate a
solution that has at least ~63 % of the PD of the optimal solution, which is the best
possible approximation ratio.

The only case, where a greedy algorithm delivers the optimal solution is the
taxon selection (Problem 1) under PD on trees (Pardi and Goldman 2005; Steel
2005). An efficient implementation of such a greedy algorithm (Minh et al. 2006)
finds a solution for trees with millions of taxa within seconds on a standard PC.
Greedy algorithms have been further examined in conservation biology (Moulton
et al. 2007; Bordewich et al. 2008).

Obviously greedy algorithms can be applied for Problems 1-5 to maximize
SD. The general idea is to start with one target (either taxon or area) having the
highest SD. We then choose the second target “adding” the most SD while still sat-
isfying the constraints (budget or viability constraints). We repeat this step until no
further target can be added (e.g., exceeding k targets for Problem 1, 3, and 4 or
exceeding the budget for Problem 2 and 5). As an illustration the greedy algorithm
is applied for Problem 4 to find four countries showing the highest pheasant SD for
the split network (Fig. 2b) and known geographical distribution (Table 1) as fol-
lows. Malaysia is first selected as it contains the highest SD. Philippines, Indonesia,
and India are selected in the next steps. In this particular example the greedy algo-
rithm happens to obtain the optimal set of four countries (Table 2).

Integer Programming

Integer Programming (IP; Dantzig et al. 1954; Gomory 1958) is a widely used and
powerful optimization technique to solve a variety of decision-making problems
(Wolsey 1998; Jiinger et al. 2010). IP methods maximize or minimize a linear objec-
tive function subject to linear constraints (equalities or inequalities) when one or
more variables are restricted to be integers. Theoretically solving IP is NP-hard.
However, thanks to powerful solvers like CPLEX (2012) and GUROBI (Gurobi
Optimization Inc. 2013), problems with thousands of variables and constraints can
be solved optimally within reasonable time (Jiinger et al. 2010; and references
therein).

The first application of IP in conservation problems goes back to (Cocks and
Baird 1989), who solved the reserve selection (Problem 4) under species richness.
Such IP formulations have been extended to more realistic scenarios (Underhill
1994; Church et al. 1996; Possingham et al. 2000), to maximize PD (Rodrigues and
Gaston 2002; Rodrigues et al. 2005), and to maximize SD (Minh et al. 2010).
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Here, we show how to model biodiversity optimization problems 1-5 in IP par-
lance, which allows available IP software packages to solve the problem. We first
introduce some notations and definitions and further exemplify IP formulations for
Problems 1-5 using the pheasant data set.

IP for Taxon Selection Problems

Given a set of n taxa, we encode a subset S by an n-element binary vector with
entries of 0 and 1 indicating the absence and presence of the corresponding taxa in
S. The elements of this vector are called taxon variables. For the pheasant data set
there are ten taxon variables xpg, Xpc, Xpg, XpGs Xp1, XpM> XG6» XL, Xas» Xy (indices fol-
low initials of species names). We say that a split 6=A|B is preserved in S if A and
B each contain at least one taxon from S. For each split ¢ we introduce a binary split
variable y,, where y,=1 if o is preserved in S and O otherwise.

Each y, is fully identified from taxon variables by two split constraints as fol-
lows. o is a trivial split that separates P. bicalcaratum from the remaining taxa. o,
is preserved (i.e. y,=1) if P. bicalcaratum and at least another taxon are preserved
(see Fig. 2a for the definition of the splits). This condition is expressed by two
inequalities:

Vi S Xpgs Yy S Xpe + Xpp + Xpg + Xpy + Xpy + X + Xy + Xgg + Xy
In fact, the second inequality always holds because k>?2 and thus is ignored. Now
consider the non-trivial split o7, which separates G. gallus, G. lafayetii, and G.
varius from the remaining taxa. oy, is preserved if at least one of G. gallus, G. lafay-
etii, and G. varius and one of the remaining taxa are preserved. Therefore,

Yig S Xgg + XgL T Xy s Yig S Xpg + Xpe + Xpy + Xpg + Xpp +Xpy + X

The remaining split constraints are listed in Table 3.
Based on split variables one can rewrite SD of S as:

SD(S)="4,Y, (1)

where 4, is the weight of split . This is the objective function that we want to maxi-
mize for all problems (1-5).

In the taxon selection Problem 1 the size of an optimal subset is constrained by a
predefined number k, meaning that:

xPB + xPC + xPE + 'xPG + xPI + ‘xPM + xGG + xGL + 'xGS + xGV < k (2)

We also require that taxon and split variables are binary



Split Diversity: Measuring and Optimizing Biodiversity Using Split Networks 185

x, €{0,1}, V taxoni 3)

v, €{0,1}, V¥ splitc 4)

IP Formulation of Problem 1
Maximize objective function (1), subject to subset size constraint (2), binary
constraints (3, 4), split constraints (5) (see Table 3).

Suppose we are given a total budget B. Let ¢; denote conservation costs for taxon
i. We can then substitute constraint (2) by the budget constraint

ZCix,. <B (6)
Together with previous constraints we have the IP formulation of Problem 2 by:

IP Formulation for Problem 2
Maximize objective function (1), subject to budget constraint (6), binary con-
straints (3, 4), and split constraints (5) (Table 3).

We now model viability constraints that operate on taxon variables as follows.
G. sonneratii depends on Pmalacense and P.germaini (Fig. 4). Therefore, the viability
constraint for G. sonneratii is simply

Xpyy +X

PM PG 2 ‘xGS

This ensures that xss is 1 (i.e., G. sonneratii is selected for conservation) only if at
least one of xpy and xp¢ is also 1. Viability constraints for all the other taxa are listed
in Table 3. Now, the IP formulation for viable taxon selection can be obtained by
simply including viability constraints to Problem 1:

IP Formulation of Problem 3
Maximize objective function (1), subject to subset size constraint (2), binary
constraints (3, 4), split constraints (5), and viability constraints (7) (Table 3).

IP for Reserve Selection Problems

For reserve selection we encode a subset W of m areas by a binary vector (21,25, - -,Zn),
where z, is 1 if area r is present in W, and 0 otherwise. We call z, area variables. For
the pheasant habitat (Table 1) we have eight area variables z;p, Zrx, Zs7 Ziv> ZPH> Zuvs
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Zrn» Zvy (indices follow two-letter country codes). We now redefine split constraints
in terms of area variables instead of taxon variables as follows.

Split 015, which separates G. lafayetii and G. varius from the others, is preserved
if (1) G. lafayetii or G. varius is preserved and (2) at least one of the remaining taxa
is preserved. Because G. lafayetii or G. varius occur in Indonesia and Sri Lanka,
condition 1 is equivalent to:

Vis S Zp + 2k
Similarly condition 2 is equivalent to:
yl8 S ZBT +ZID +ZIN +ZPH +ZMY +ZTH +ZVN
since the remaining taxa are found in all areas except Sri Lanka. Such area-split
constraints for all other splits are listed in Table 4.
The subset size constraint has to be rewritten for countries:

I+ 2k F 2+ Tyt 2oy 2y Ty 2y <K )

We keep binary constraints for split variables and also include such for area
variables

z, €{0,1}V arear )

Reserve selection problem is then formulated as follows:

IP Formulation of Problem 4
Maximize objective function (1), subject to subset size constraint (8), binary
constraints (4, 9), and area-split constraints (10) (Table 4).

For budgeted reserve selection we are given a total budget B. Let ¢, ¢;x, Cary Civs
Cpus Cuy Cr, Cyy denote conservation costs for each country. Then a budget con-
straint for areas is

2.5 <B (11)

To obtain the IP formulation for Problem 5 we simply substitute subset size con-
straint (8) by the budget constraint (11).

IP Formulation of Problem 5
Maximize objective function (1), subject to budgetary constraint (11), binary
constraints (4, 9), and area-split constraints (10) (Table 4).
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Other Algorithms

While greedy algorithms and IP are general strategies for all Problems 1-5, other
algorithms have been applied to solve special cases. For example, simulated anneal-
ing algorithms (Possingham et al. 2000) were introduced to solve the reserve selec-
tion Problems 4 and 5 under species richness with an opportunity to minimize the
connectivity between the areas such as the boundary lengths. Dynamic program-
ming algorithms (DPA) have been applied to solve Problem 2 under PD (Pardi and
Goldman 2007). DPA was further extended to maximize SD on circular split net-
works (Minh et al. 2009a, b). Other special types of split networks were exploited
to solve Problem 1 (Spillner et al. 2008; Bordewich et al. 2009).

Computer Software

Conservation planning software like Marxan (Ball et al. 2009) and Zonation
(Moilanen et al. 2009) mainly focus on species richness. However, both programs
can indirectly account for phylogenetic diversity (see also Silvano, Valdujo and
Colli, chapter “Priorities for Conservation of the Evolutionary History of Amphibians
in the Cerrado” and Arponen and Zupan, chapter ‘“Representing Hotspots of
Evolutionary History in Systematic Conservation Planning for European
Mammals”). Only a few programs explicitly allow to compute phylogenetic diver-
sity (Webb et al. 2008; Kembel et al. 2010). In the following we describe two pro-
grams relevant for the SD analysis.

SplitsTree

SplitsTree (Huson and Bryant 2006) is a user-friendly and leading software to
reconstruct and visualize phylogenetic networks from multiple sequence alignments,
distance matrices, or sets of trees. SplitsTree implements a wide range of split net-
work inference methods such as split decomposition (Bandelt and Dress 1992b) and
neighbor-net (Bryant and Moulton 2004). SplisTree has a limited ability to compute
PD and SD. It works for all major platforms including Windows, Mac OS X, and
Unix. More information about SplitsTree is available at http://www.splitstree.org.

PDA: Phylogenetic Diversity Analyzer

PDA (Minh et al. 2009) is a software tool that computes and maximizes species
richness, PD, and SD given a variety of user-defined constraints including budget,
ecological, and geographical constraints. PDA can be used in conjunction with
SplitsTree to work with SD. It solves all Problems 1-5 by greedy algorithms,
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dynamic programming, and integer programming methods. Moreover, it supports
weighted dependency networks for viable taxon selection and spatial reserve selec-
tion problems (Chernomor et al. 2015). Among other features is the computation of
PD/SD endemism and complementarity (Faith et al. 2004). PDA is available as a
command-line program for Windows, Mac OS X, and Unix as well as an online web
service. More information about PDA is available at http://www.cibiv.at/software/pda.

Conclusions and Perspectives

In this chapter we have presented the concept of split diversity, a generalization of
PD to account for contradicting phylogenetic information in biodiversity optimiza-
tion. We demonstrated the new concept with a small pheasant data set. We note that
this example is not realistic because neither genera are vulnerable nor the selection
of entire countries is reasonable. Moreover, genetic data for galliforms are available
for more genera and genomic loci (Wang et al. 2013) and the methodology devel-
oped here is well applicable to this new data.

We then presented computational tools to perform the analysis under the SD
framework. Both greedy algorithms and IP can be generally applied to solve the
same conservation questions, where the former quickly computes a solution and the
latter ensures optimal solutions. Moreover, IP works well for data set sizes usually
encountered in real data. For example, we have recently applied IP to solve the
viable taxon selection (Problem 3) for 242 marine species of Caribbean coral com-
munity and the budgeted reserve selection (Problem 5) for the Cape of South Africa
with 735 plant genera (Chernomor et al. 2015). IP always returned optimal sets of
taxa and areas within seconds to a few minutes.

SD can be extended to include species extinction risks as developed for PD
(Weitzman 1992; Witting and Loeschcke 1995). Such a “probabilistic”” PD approach
(see chapters “The Value of Phylogenetic Diversity” and “Reconsidering the Loss of
Evolutionary History: How Does Non-random Extinction Prune the Tree-of-Life?”)
predicts future diversity given the fact that some species might become extinct in,
say, 20 years. The problem, previously coined the Noah’s Ark Problem (NAP;
Weitzman 1998), is then to maximize future PD given limited budgets. The same
concept can be applied to SD as follows. One first computes “survival probabilities”
for each split in split networks in the same fashion as for branches in phylogenetic
trees. The future SD is then defined as the dot product of the split weights and split
survival probabilities. This definition of future SD consistently generalizes that of
future PD.
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From a computational view point, solving the extended NAP under future SD is
NP-hard as proven for PD (Hartmann and Steel 2006). Dynamic programming algo-
rithms (DPA) optimally solve the NAP under future PD in a special scenario, where
the species extinction probability becomes 0 if it is given enough resources (Pardi
and Goldman 2007). For general scenarios Hickey et al. (2008) devised such a DPA
that gives an approximation ratio of nearly 1 compared to the optimal solution.
More recently, Billionnet (2013) presented an IP approach for the NAP that runs
within a few minutes for simulated 4,000-taxon cases and provides near-optimal
solutions, which are only 1.2 % away from the optimal solution. It will be interest-
ing to investigate how such DPA and IP approaches can be adapted to solve the NAP
under the more general SD framework.
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Appendix
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Table 3 Objective function and constraints of taxon selection problems for the pheasant example

Maximize (1)
Ay ot Ay Voo

Subject to

Size constraint: Xpg + Xpe + Xpp + Xpi + Xpp + Xy + X + Xgp + X + X5, Sk @

Binary constraints: x (0,1} taxoni 3)
v, €{01) Vo =1,..,20 @

Split constraints: 5

¥, £ x,V taxoni

yll SxPB-‘—xPC

yll < xPE +‘xPG +‘xPl +xPM +‘xGG +xGL +xGS +xGV

y12 < xPB +xPC +xPl

Yio £ Xpp + Xpg + Xpyy + X + Xy + Xgg + X6y

Viz £ Xpp + Xpe + Xpg +Xp

Viz S Xpg + Xpy + X6 + X + Xgs + Xy

Vig S Xpy + Xpe + Xpg + Xpy + Xpy,

Vig £ Xpg + Xgg + Xgp, + Xgs + Xgy

ylS S xPB +xPC +xPE +‘xPG +xPI

ylS < xPM +xGG +xGL +xGS +xGV

Vie = Xpp + Xpe + Xpg + Xpg + Xp +Xpy,

Yig S Xgg +Xg + Xgs T Xgy

Vig £ Xpg +Xpe + Xpp + Xpg + Xpy + Xpyy + X

yl7 < xGG +xGL +‘xGV

y18 < xPB +xPC +xPE +xPG +XPI +XPM +xGG +xGS

Yis < Xgp Xy

Vig S Xpp + Xpe + Xpp + Xpg + Xpy + Xpy + Xy

Vig S Xgg +Xg + X

Yoo S Xpp + Xpe + Xpp + Xpg + Xpy + Xy + Xgy Xy

Yoo £ Xgg + Xgs

(continued)
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Table 3 (continued)
Budget constraint: 6
& CppXpy +CpeXpe +.o.tCoy X5, < B ©
Viability constraints: (@)

"
xPE xPE

xPC < xGG + xGV

"
Xp Xpp

"
PI X

X GL

‘xPM < xPC + xGL

"
xGL xPB

Xgs S Xpy T Xpg

Xy < Xgg + Xpg
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Table 4 Objective function and constraints of reserve selection problems for the pheasant
example. Due to the fact that G. gallus is contained in all but one area there are many area-split

constraints of the form Y, < Zp +2p+ 2y + 2k T Zpy t Zyy + 2o + 2y -

redundant since k> 2, and thus omitted

Such constraints are

Maximize

Ay + ot Ay Vg

(€]

Subject to

Size constraint:

Zpp + Zue + Zpr 4y oy T Ay Ty t 2y Sk

®

Binary constraints:

z, €{0,1}V arear

®

v, €{0,1} Vo =1,..,20

@

Area-split constraints:

N1 S Zgr + 2y

"

Y Zp

"
Vs Zpn

"

Yo Zyy

"

Ys " Zuy

"

Yo Zuy

V7 S 2t Zp + Ty + Zpy + Ty + 2y T 2

"

Ys Lk

"

Yo Ly

"

Yo Zp

Y S Zgr Y 2p + 2y

Y2 S Zpr T Zp + 2y T 2y

Vi3 S Zgr + Zp + Zyy T gy + 2y

Yis S Zgr T Zip T Zygy + 2y + 2y

Vis < Zgr T Zp + Zpy 2y T Ty T 2y

Vie £ Zpr T Zip + Zpy + Zyy + 2y T 2y

yl7 S ZBT +ZID +ZIN +ZPH +ZMY +ZTH +ZVN

Vis S Zor T Zip T Ty T 2oy 2y T 2y T 20y

Yis S Zp T2k

Vio = Zpr T Zp + Zpy + Zyy + Zpy t Ty

y2[) S ZBT +ZID +ZLK +ZPH +ZMY +ZTH +zVN

y20 < ZBT +ZID +ZIN +ZPH +ZMY +ZTH +ZVN

10)

Budget constraint:

CipZip + Crglpg TooF CyZyy < B

an
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The Rarefaction of Phylogenetic Diversity:
Formulation, Extension and Application

David A. Nipperess

Abstract Like other measures of diversity, Phylogenetic Diversity (PD) increases
monotonically and asymptotically with increasing sample size. This relationship
can be described by a rarefaction curve tracing the expected PD for a given number
of accumulation units. Accumulation units represent individual organisms, collec-
tions of organisms (e.g. sites), or even species (or equivalent), giving individual-
based, sample-based and species-based curves respectively. The formulation for the
exact analytical solution for the rarefaction of PD is given in an expanded form to
demonstrate congruence with the classic formulation for the rarefaction of species
richness. Rarefaction is commonly applied as a standardisation for diversity values
derived from differing numbers of sampling units. However, the solution can be
simply extended to create measures of phylogenetic evenness, phylogenetic beta-
diversity and phylogenetic dispersion, derived from individual-based, sample-based
and species-based curves respectively. This extension, termed APD, is simply the
initial slope of the rarefaction curve and is related to entropy measures such as PIE
(Probability of Interspecific Encounter) and Gini-Simpson entropy. The application
of rarefaction of PD to sample standardisation and measurement of phylogenetic
evenness, phylogenetic beta-diversity and phylogenetic dispersion is demonstrated.
Future prospects for PD rarefaction include the recognition of evolutionary hotspots
(independent of species richness), the basis for ecological theory such as phylogeny-
area relationships, and the prediction of unseen biodiversity.
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Introduction

Phylogenetic Diversity (PD) is a simple, intuitive and effective measure of biodiver-
sity. The PD of a set of taxa, represented as the tips of a phylogenetic tree, is the sum
of the branch lengths connecting those taxa (Faith 1992). PD is a particularly flexi-
ble measure because it can be applied to any set of relationships among entities that
can be reasonably portrayed as a tree. Thus, the tips do not, by necessity, need to
represent species but could be higher taxa, Operational Taxonomic Units,
Evolutionarily Significant Units, individual organisms or unique haplotypes.
Further, the tree itself might not portray evolutionary relationships but instead be,
for example, a cluster dendrogram portraying functional relationships among taxa
(Petchey and Gaston 2002).

Since the original formulation by Faith (1992), PD has come to be not just a
single measure equating to a phylogenetically weighted form of richness, but rather
a general class of measures dealing with various aspects of alpha and beta-diversity
(Faith 2013). The common feature of this class of measures is the summation of
branch lengths rather than the counting of tips. By substituting branch segments
(intervals between nodes on a phylogenetic tree) for species, and including a weight-
ing for the length of that segment, it is possible to modify many of the classic mea-
sures of Species Diversity (SD) to a PD equivalent (Faith 2013). By this means,
phylogenetically weighted measures of endemism (Faith et al. 2004; Rosauer et al.
2009), ecological resemblance (Ferrier et al. 2007; Nipperess et al. 2010), and
entropy (Chao et al. 2010, and chapter “Phylogenetic Diversity Measures and Their
Decomposition: A Framework Based on Hill Numbers”) have been developed, for
example.

In its classic form, PD, like species richness, has the property of concavity
(Lande 1996). That is, the addition of individuals or sets of individuals to a com-
munity can increase PD but never decrease it. Thus, just like species richness, PD
increases monotonically with increasing sampling effort, creating a classic sam-
pling curve that reaches an asymptote when all species (and branch segments) are
represented (Fig. 1). Gotelli and Colwell (2001) recognise two general types of
sampling curve, individuals-based and sample-based, that are distinguished by the
units on the x-axis, representing either individual organisms or samples, respec-
tively. Samples, in this context, are collections of individuals bounded in space and
time, corresponding to the common ecological usage of the term. For PD, we can
recognise a third type of sampling curve where the units on the x-axis are species or
their equivalent (Fig. 1). Species, like samples, are also collections of individuals
bounded, in this case, by some minimum degree of relatedness. Obviously, species-
based sampling curves are meaningless when plotting species richness but have real
value when plotting PD. For the purposes of generalisation, it is useful to be able to
refer to these units (individuals, samples, species) with a single term. Chiarucci
et al. (2008) used “accumulation units” to refer to individuals and samples. I extend
this term to also include species as an additional unit of sampling effort in sampling
curves. While these different units (individuals, samples, species) all measure
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Fig. 1 Sampling curve showing the relationship between Phylogenetic Diversity (PD) and sam-
pling depth. The level of sampling is measured in accumulation units of individuals, samples (col-
lections of individuals) or species as required. PDy is the Phylogenetic Diversity of the full set of
N accumulation units. Rarefaction is the process (indicated by unidirectional arrow) of randomly
subsampling (rarefying) the pool of N accumulation units to a subset of size m and calculating the
expected PD of that subset (PD,,). APD is the expected gain in PD between the first and second
accumulation unit, and can be used as a measure of phylogenetic evenness, beta-diversity or dis-
persion, depending on the nature of the unit of accumulation

sampling effort in some sense, they are not equivalent and sampling curves derived
from them must be interpreted differently in each case.

Beside the units by which sampling effort is measured, Gotelli and Colwell
(2001) distinguished between ‘“‘accumulation curves” and ‘“rarefaction curves”,
based on the process by which the sampling curve is calculated. An accumulation
curve plots a single ordering of individuals or samples (or species) against a cumu-
latively calculated concave diversity measure. The jagged shape of the resulting
curve is highly dependent on the, often arbitrary, order of the accumulation units. To
resolve this problem, rarefaction curves instead plot the expected value of the diver-
sity measure against the corresponding number of accumulation units. Rarefaction
can be achieved using an algorithmic procedure of repeated random sub-sampling
of the full set of accumulation units and calculating the mean diversity (Gotelli and
Colwell 2001). However, Hurlbert (1971) and Simberloff (1972) showed that
expected diversity can be calculated using an exact analytical solution, obviating the
need for computer-intensive repeated sub-sampling. Initially, this solution was for
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individuals-based rarefaction curves, but it has since been shown that the same solu-
tion applies to sample-based rarefaction (Kobayashi 1974; Ugland et al. 2003; Mao
et al. 2005; Chiarucci et al. 2008).

The original purpose of rarefaction was to allow the comparison of datasets with
differing amounts of sampling effort (Sanders 1968). Assemblages can be com-
pared “fairly” when rarefied to the same number of accumulation units (Gotelli and
Colwell 2001). However, rarefaction has broader application than this single pur-
pose. Depending of the unit of accumulation, the shape of the rarefaction curve
provides information on ecological evenness (Olszewski 2004) and beta-diversity
(Crist and Veech 2006). Rarefaction of species richness also forms the basis of esti-
mators of species richness, including unseen species (Colwell and Coddington
1994). In the case of PD, species-based rarefaction curves also allow for a measure
of phylogenetic dispersion (Webb et al. 2002), effectively the expected PD for some
given number of species (Nipperess and Matsen 2013). A solution for the rarefac-
tion of PD is therefore desirable as it will allow for these applications to be realised
for phylogenetically explicit datasets.

Rarefaction of Phylogenetic Diversity, using an algorithmic solution of repeated
sub-sampling, has now been done several times (see for example Lozupone and
Knight 2008; Turnbaugh et al. 2009; Yu et al. 2012). However, an analytical solu-
tion for PD rarefaction, similar to that determined by Hurlbert (1971) for species
richness, is preferable both because its results are exact (not dependent on the num-
ber of repeated subsamples) and substantially more computationally efficient.
Nipperess and Matsen (2013) recently published just such a solution for both the
mean and variance of PD under rarefaction. This solution is quite general, being
applicable to rooted and unrooted trees, and even allowing partition of the tree into
smaller components than the individual branch segments. As a result, the solution is
given in a very generalised form and its relationship with classic rarefaction formula
for species richness is not immediately clear.

In this chapter, I provide a detailed formulation for the exact analytical solution
for expected (mean) Phylogenetic Diversity for a given amount of sampling effort.
This formulation is for the specific but common case of a rooted phylogenetic tree
where whole branch segments are selected under rarefaction. I use the same form of
expression as used by Hurlbert (1971) to demonstrate the direct relationship between
rarefaction of PD and rarefaction of species richness. I do not include a solution for
variance of PD under rarefaction due to its complexity when given in this form and
instead refer the reader to Nipperess and Matsen (2013). I extend this framework to
show how the initial slope of the rarefaction curve (APD) can be used as a flexible
measure of phylogenetic evenness, phylogenetic beta-diversity or phylogenetic dis-
persion, depending on the unit of accumulation. I apply PD rarefaction and the
derived APD measure to real ecological datasets to demonstrate its usefulness in
addressing ecological questions. Finally, I discuss some future directions for the
extension and application of PD rarefaction.
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Formulation

To begin, the classic rarefaction formula for species richness will be reviewed in
order to demonstrate how it can be extended to the case of Phylogenetic Diversity.
The expected species richness (S) for a given amount of sampling is simply the sum
of probabilities (p) of each species occurring in a subset of m accumulation units

(Eq. 1).
S
E[S], =2 .p (D

To solve Eq. 1, we need to determine the probability (p) of each species being
selected by a random draw of m accumulation units from the total set of N units.
Regardless of whether the accumulation unit is an individual or a sample, this prob-
ability is a function of the frequency (n) with which species i occurs across the set
of N accumulation units (Chiarucci et al. 2008). Since N is a set of finite size, ran-
dom draws from that set should be without replacement and thus p is defined by the
hypergeometric distribution (Hurlbert 1971). Substituting into Eq. 1, the expected
species richness is as follows (Eq. 2).

N —n,

U

E[S]m:i l_ﬁ o

The quantity within the square brackets in Eq. 2 corresponds to p in Eq. 1. Note that
the expressions in curved brackets are binomial coefficients and not simple frac-
tions, while the quantity subtracted from one within the square brackets is a frac-
tion. The denominator in this fraction gives the number of distinct subsets of size m
that can be drawn from the total set of N units. The numerator gives the number of
distinct subsets of size m that do not contain species i. Equation 2 is the same as that
originally proposed by Hurlbert (1971).

Phylogenetic Diversity is simply the sum of a set of branch lengths spanning a
set of species (or, more generally, tips). So, for a set of S species, there is a corre-
sponding set of 7 branch segments. Each branch segment (j) has a length (L) mea-
sured as sequence substitutions, millions of years, or some other biologically
meaningful estimate of difference. Considering only rooted phylogenetic trees, PD
is calculated as follows (Eq. 3).

PD=3L, 3)

J
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In the original definition intended by Faith (1992), the PD of a subset of species is
calculated by summing the branch lengths connecting that set of species to the root
of the tree, even when the common ancestor of that subset is not the same as the
root. In this definition, a subset containing a single species (or even a single indi-
vidual) has a non-zero PD value, which in this case, would be the total path length
from the tip to the root. This corresponds to the rooted PD value of Pardi and
Goldman (2007). The alternative, called unrooted PD by Pardi and Goldman (2007),
includes only the branch segments connecting a subset of species to their common
ancestor, and thus a subset containing only a single species would have zero PD. The
former definition, rooted PD, is adopted here because it allows for the straight-
forward formulation of a whole class of derived PD measures (Faith 2013), and
because it is concordant with the original idea of PD acting as a surrogate for the
feature diversity of a set (Faith 1992; Faith et al. 2009). Obviously, rooted PD
requires a rooted phylogenetic tree, even if the choice of root is arbitrary (Nipperess
and Matsen 2013).

Given this definition, the rarefaction of PD involves finding the expected (aver-
age) sum of branch lengths (including the path to the root) for all possible distinct
subsets of m accumulation units (Fig. 2). This is achieved by extending the classic
rarefaction formula through a substitution of species for branch segments in a phy-
logenetic tree. Since PD is simply the sum of branch lengths, then the expected PD
must also be the sum of branch lengths, each weighted by the probability (g) of its
occurrence in a subset of size m (O’Dwyer et al. 2012). So, for a rooted phyloge-
netic tree represented as a set of T branch segments, the expected PD is given as
follows (Eq. 4).

T
E[PD]m = ZL/ x mq/ (4)
J

The probability of each branch segment occurring in a subset is again a function of
the frequency with which it occurs among accumulation units. The frequency of
occurrence of a particular branch segment (0) depends on the frequency of occur-
rence of species that are descendent from that branch segment. Let x be a binary
value indicating whether species i is (1) or is not (0) a descendant of branch segment
Jj- Multiplying x by n and summing across all species will give the total number of
occurrences of branch segment j among N accumulation units (Eq. 5).

S

0, =2 (nxx;) 5)

i

Thus, by summing across branches instead of species, substituting branch occur-
rence for species occurrence, and including a branch length weighting, we are able
to adapt the classic rarefaction formula for species richness for the purposes of
calculating expected Phylogenetic Diversity (Eq. 6). Note this solution is equivalent
to that of Nipperess and Matsen (2013) but is expressed in an expanded form for the
specific case of calculating rooted PD. Equation 6 is very similar to the solution for
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Fig.2 Anillustration of the process of rarefying Phylogenetic Diversity (PD) by units of individu-
als. An initial sample of ten individuals (m=10) distributed among four tips (species) is rarefied to
a subset of five individuals (m=5) by a process of random sampling without replacement. For the
rarefied samples, 2 of the 252 possible subsets are shown. The expected PD under rarefaction is the
average sum of branch lengths represented by each of these distinct subsets. The branch lengths
summed to calculate PD are black while those not represented (and thus not summed) are grey.
Note that the rooted definition of PD is used where the path length to the root is always included,
even in the case where only a single tip is represented

expected PD of Faith (2013) but differs in that random draws are without replace-
ment following the hypergeometric distribution.

N-o,
E[PD], :z Lx 1W ©

Finally, it is now possible to calculate the expected PD for a given number of
species. A species, in this context, is simply a collection of individuals in much the
same way as a sample is a collection of individuals, and the same equations apply.
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Under these circumstances, o; is equal to the sum of x; (over all species) as n; will
always equal 1, and N is equal to S. Substituting into Eq. 6 gives the following for-
mula for rarefaction by species (Eq. 7).

E[PD], :i L, x 1_@

o)

Extension

It has previously been recognised (Lande 1996; Olszewski 2004) that there is a
relationship between individuals-based rarefaction curves and measures of even-
ness. Specifically, the initial slope of the individuals-based curve for species rich-
ness is equal to the PIE (Probability of Interspecific Encounter) index of Hurlbert
(1971). The initial slope of the rarefaction curve is the difference between the
expected species richness for two individuals (m=2) and the expected species rich-
ness for one individual (m=1), and is the probability that the second individual will
be a different species from the first (Olszewski 2004). The PIE index is directly
related to the Gini-Simpson index — the probability that two individuals selected at
random will be different species. The difference between these two indices is in the
form of random sampling — Gini-Simpson samples with replacement (thus assum-
ing infinite population size) while PIE, just like rarefaction, samples without
replacement. Following Olszewski (2004), PIE can be expressed as the following
(Eq. 8) where ELS,] and E[S,] refer to the expected species richness of one and two
randomly drawn individuals respectively. Note that E[S;] always equals one in this
case.

PIE = E[S,]- E[S,] 3

When considering a sample-based curve, it is clear that the initial slope is related to
the beta-diversity of the set of samples from which the curve is calculated. In this
case, the difference between E[S,] and E[S,] is the expected number of species in the
second sample that are not found in the first. Thus, the PIE index can be used to
measure beta-diversity if applied to sample-based rarefaction. This interpretation is
directly related to the additive partitioning of species diversity into alpha and beta
components where alpha-diversity is the mean (expected) richness of a single sam-
ple and beta-diversity is the gain in species richness from a single sample to a larger
set of samples and can be read directly from a rarefaction curve (Crist and Veech
2006).
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It follows that we can also define measures of phylogenetic evenness and phylo-
genetic beta-diversity using the initial slope of the PD rarefaction curve, where the
units of accumulation are either individuals or samples respectively (Fig. 1). In
either case, the initial slope is the expected gain in PD (APD) when adding a second
accumulation unit to the first. Further, because PD rarefaction curves can also
meaningfully use species as accumulation units, we can extend this idea to include
a measure of phylogenetic dispersion where the gain in PD is the expected branch
length in the lineage (path from tip to root) of a second randomly selected species
that is not shared with the first. Thus, we can define a general measure (APD) for
phylogenetic evenness, phylogenetic beta-diversity or phylogenetic dispersion,
depending on the accumulation units chosen (Eq. 9, see also Fig. 1). APD is very
similar to the APDg measure of Faith (2013) although in that case, probabilities are
not derived from the hypergeometric distribution. Further, APDgq is specifically
applied to the problem of estimating loss of PD from extinction — a problem that is
mathematically similar to rarefaction.

APD = E[PD,]- E[PD,] )

If branch lengths are measured as millions of years between branching events, then
APD is measured in units that make intuitive sense and allows for direct comparison
across trees and systems. Alternatively, one could standardise the measure by divid-
ing by its theoretical maximum. APD will be maximum when all individuals, spe-
cies or samples represent wholly distinct lineages with no shared branch lengths.
For an ultrametric tree, the lineage length (path from tip to root) is invariant across
species and is equal to the depth of the tree. When rarefaction is by units of individu-
als or species, E[PD] is the lineage length. When rarefaction is by units of samples,
E[PD;] will equal the average PD of a sample and will be equal to APD in the
extreme case where each sample shares no branch length with any other sample.
Thus, whether referring to units of individuals, species or samples, E[PD;] repre-
sents the theoretical maximum of APD and can be used to standardise the measure
as follows.

APD E[PD,]-E[PD
APDstandard = = [ 2] [ 1]
APD E[PD,]

max

(10)

Application

The following is a demonstration of the application of PD rarefaction, and the
derived APD statistics, to real ecological datasets. These applications are not
intended to provide definitive answers to ecologically important questions but are,
rather, simple demonstrations of how PD rarefaction can allow new analyses to be
undertaken and, hopefully, new insights gained.
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In all these applications, I have used published data on mammals. This is princi-
pally for convenience as mammals (Bininda-Emonds et al. 2007) and birds (Jetz
et al. 2012) are the only major taxonomic groups for which comprehensive species-
level supertrees are available. I have used an updated version of the mammal super-
tree of Bininda-Emonds et al. (2007) published as supplementary material by Fritz
et al. (2009). In this supertree, all branch lengths are measured in units of time (mil-
lions of years between branching events), allowing for a straight-forward interpreta-
tion of PD as cumulative evolutionary history (Proches et al. 2006).

All analyses were conducted using the statistical software, R version 2.15.2 (R
Core Team 2012). Phylogenetic information was processed using the ape package
in R (Paradis et al. 2004). PD rarefaction analyses used the phylodiv, phylocurve
and phylorare functions, written by the author and available from: http://davidnip-
peress.blogspot.com.au.

Standardisation of Sampling

The most commonly used application for rarefaction is standardisation to allow
comparisons to be made between datasets with differing amounts of sampling effort.
Standardisation can be achieved by rarefying all datasets back to a common (typi-
cally the minimum) number of accumulation units (Sanders 1968; Gotelli and
Colwell 2001).

Law et al. (1998) surveyed bats in ten State Forests of the south-west slopes
region of New South Wales, Australia. Survey methods were a combination of ultra-
sonic detectors, harp-traps, mist-nets and trip-lines. For the purposes of this demon-
stration, only data from the harp-traps will be used. A harp-trap is a rectangular
frame, stringed vertically with nylon line, placed so as to intercept the flight path of
low-flying bats (Tidemann and Woodside 1978). A bat striking the nylon lines of the
trap will tumble down into a collecting bag at the bottom.

Sampling effort among State Forests was variable with between 8 and 30 trap-
nights. Comparison of bat diversity between State Forests is therefore confounded
by variation in sampling effort, as can be seen when plotting separate PD rarefac-
tion curves for each State Forest (Fig. 3). To correct for variation in trapping effort,
expected PD for each State Forest was calculated for the common value of 15
individuals, which was the minimum number recovered from a State Forest (Fig.
3). While rarefying to eight trap-nights (samples) would also be an appropriate
method of standardisation, data on the bat species caught per trap-night were not
available in Law et al. (1998). Standardising for sample effort changed the rank
order of the sites for Phylogenetic Diversity (Table 1). A test of the rank correlation
between the standardised and non-standardised PD values was relatively high but
non-significant (Spearman’s correlation coefficient, rho=0.57, p=0.084).
Therefore, what one concludes about the relative bat diversity (and perhaps conser-
vation importance) among these sites is dependent upon whether or not sampling
effort is taken into account.
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Fig. 3 An example of standardisation of Phylogenetic Diversity (PD) by rarefaction. Data are
abundances of bats caught in harp-traps in State Forests of the south-west slopes region of New
South Wales, Australia. See Law et al. (1998) for a description of the data. Plotting separate
individuals-based curves (grey lines) for each site shows considerable variation in sampling effort,
with the raw value of PD being dependent on the number of trapped individuals. To allow for
comparison between sites, PD is rarefied to an expected value for 15 individuals for all sites (indi-
cated by black vertical line)

Table 1 Comparison of diversity measures for bat assemblages for ten state forests of the south-
west slopes region of New South Wales, Australia

Species
Individuals richness Phylogenetic Standardised phylogenetic
State forest (N) S) diversity (PDy) diversity (PD;s)
Bago 99 6 159 132
Maragle 208 8 170 136
Buccleuch 100 7 211 150
Bungongo 70 6 221 140
‘Woomargama 121 7 198 133
Carabost 153 8 198 155
Murraguldrie 95 6 214 133
Ellerslie 46 4 134 105
Tumblong 77 7 188 151
Minjary 15 3 113 113

Original data was taken from Law et al. (1998). Phylogenetic Diversity is measured in units of
millions of years
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Phylogenetic Evenness

The extension of PD rarefaction to APD allows for the measurement of phyloge-
netic evenness, which is essentially a measure of the distribution of individuals
among branches in a phylogenetic tree (Webb and Pitman 2002). A phylogeneti-
cally even community is one where the most evolutionarily distinct species are also
the most abundant. Because APD will increase with both increasing phylogenetic
evenness and phylogenetic diversity, it is more correctly a measure of entropy (Jost
2006), directly comparable to the PIE and Gini-Simpson indices. It has a particu-
larly close relationship with the quadratic entropy measure of Rao (1982). Rao’s
quadratic entropy measures the average distance between individuals in an assem-
blage. When that distance is measured as patristic distance (path length on a phylo-
genetic tree), APD will be approximately half of Rao’s quadratic entropy. APD is
also similar in intent, but not in form, to the phylogenetic entropy index of Allen
et al. (2009).

Low ecological evenness may be an indicator of disturbance where a small num-
ber of species are favoured. If those favoured species are also closely related, due to
sharing a trait that allows exploitation of disturbance events, we can expect a reduc-
tion in phylogenetic evenness (Helmus et al. 2010). Medellin et al. (2000) surveyed
the bat assemblages along a disturbance gradient in the Selva Lacandona, Chiapas,
Mexico. The disturbance gradient consisted of four habitats, which, in order of dis-
turbance, were cornfield, oldfield, cacao plantation and forest. Bats were sampled
using mist nets and each habitat in the disturbance gradient was sampled using the
same effort, thus making possible the comparison of habitats without the need for
rarefaction. Medellin et al. (2000) found a trend of decreasing species richness and
species evenness with increasing disturbance, and this trend is also reflected in the
phylogenetic diversity and evenness of the assemblages (Table 2, Fig. 4).

The trend in phylogenetic evenness may simply be reflecting the abundance dis-
tribution among species. To determine the phylogenetic contribution to phyloge-
netic evenness, APD was divided by the PIE index (Table 2). Since PIE is the
probability that the second randomly selected individual is a different species to the

Table 2 Comparison of diversity measures for bat assemblages from four habitats along a
disturbance gradient in the Selva Lacandona, Chiapas, Mexico

Phylogenetic | Phylogenetic

Species Phylogenetic | evenness component
Habitat Individuals |richness |PIE diversity (APD) (APD/PIE)
Cornfield |572 17 0.786 | 295 17.2 21.8
Oldfield 690 20 0.809 | 469 18.1 224
Cacao 699 21 0.851 |493 18.2 21.3
Forest 444 27 0.884 | 609 20.4 23.0

Original data taken from Medellin et al. (2000). PIE refers to the Probability of Interspecific
Encounter (Hurlbert 1971). Phylogenetic Diversity and phylogenetic evenness are measured in
units of millions of years
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Fig. 4 Individuals-based PD rarefaction curves for bat assemblages from four habitats along a
disturbance gradient in the Selva Lacandona, Chiapas, Mexico.(See Medellin et al. (2000) for a
description of the data. Phylogenetic evenness (APD) values are highest in the least disturbed habi-
tat (Forest) and lowest in the most disturbed habitat (Cornfield)

first, we can divide APD by PIE to get the expected branch length of that species
(conditional on the second individual being a different species). This value is related
to phylogenetic dispersion (APD from a species-based rarefaction curve) but differs
due to the conditional probability structure, and effectively measures the pure phy-
logenetic contribution to APD independent of the abundance distributions among
species. We see, in this case, that the phylogenetic component generally decreases
with increasing disturbance (Cacao being the exception), supporting the notion that
disturbance favours more closely related species.

Phylogenetic Beta-Diversity

Phylogenetic beta-diversity is effectively the turnover of branch lengths between
samples in space and/or time. Like its species-level equivalent, phylogenetic beta-
diversity can be measured on a pair-wise basis (Lozupone and Knight 2005; Bryant
et al. 2008; Nipperess et al. 2010) or as a single value for a set of samples (Anderson
et al. 2010). Rarefaction of PD provides a means for deriving a single value of
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beta-diversity for a set of samples of any size via the APD measure, which is a phy-
logenetic analogue of the additive partitioning approach of Crist and Veech (2006).

Morton et al. (1994) compiled data on small mammal assemblages for 245 sites
in arid Australia. I calculated beta-diversity for two regions from this dataset —
Tanami desert and Uluru-Kata Tjuta National Park, Northern Territory. These
regions had a similar number of sites (Table 3) covering a roughly similarly sized
area but differed in the number of vegetation types. The Tanami sites were all spini-
fex grassland while the Uluru sites comprised a mix of spinifex grassland, acacia
shrubland and woodland (Morton et al. 1994). It might be expected therefore that
the Uluru sites will show higher beta-diversity due to the diversity of habitats repre-
sented. In addition to APD, I used the additive partitioning method to calculate
species-level beta-diversity as the difference between total species richness of all
sites in a region and the mean species richness of a single site (Lande 1996; Crist
and Veech 20006).

Contrary to expectations, the Tanami desert sites showed greater species beta-
diversity and phylogenetic beta-diversity despite the lack of variation in vegetation
type (Table 3). This pattern is driven by the much higher site-level (alpha) species
richness in Uluru-Kata Tjuta National Park (Table 3, Fig. 5) without a concomitant
increase in overall (gamma) species richness, resulting in a high degree of species
overlap. Given the overlap in species among Uluru sites, it appears that most small
mammals are not specialised for particular vegetation types.

Phylogenetic Dispersion

Phylogenetic dispersion is a measure of the average phylogenetic distance among
species (or tips) (Webb et al. 2002) and is in effect a measure of tree shape (Davies
and Buckley 2012). APD provides a simple, intuitive measure of dispersion as the
expected gain in PD of adding a second randomly selected species to the first. It can
also be seen as a means of correcting for variation in species richness among sam-
ples, as it is well known that PD increases with species richness (Rodrigues and
Gaston 2002).

Table 3 Comparison of diversity measures for small mammal assemblages of sites in the Tanami
Desert and Uluru-Kata Tjuta National Park, Northern Territory, Australia

Species Species
No. of richness richness Species beta Phylogenetic beta
Region sites (alpha) (gamma) diversity (additive) diversity (APD)
Tanami 15 3.13 14 10.87 59.92
Uluru 13 6.54 13 6.46 22.54

Species beta diversity is calculated as the difference between the total species richness of a region
(gamma) and the mean site-level species richness (alpha)



The Rarefaction of Phylogenetic Diversity: Formulation, Extension and Application 211

500
1

Tanami Desert
Uluru-Kata Tjuta NP

350 400 450
1 1 1

Phylogenetic Diversity (Ma)

300
1

250
1

T T T T
5 10 15 20

No. of sites

Fig. 5 Sample-based rarefaction curves for small mammal assemblages of sites in the Tanami
Desert and Uluru-Kata Tjuta National Park, Northern Territory, Australia. See Morton et al. (1994)
for a description of the data. Phylogenetic beta diversity (APD) is higher among the Tanami sites
than the Uluru sites

I generated PD rarefaction curves and APD values for the mammal faunas of 71
of the 79 terrestrial ecoregions recognised by Olson et al. (2001) as constituting the
Australasian biogeographic realm. Data were sourced from the wildfinder database
(http://worldwildlife.org/pages/wildfinder) of the World Wildlife Fund. Eight ecore-
gions were excluded from the analysis because they had less than two species and
thus a APD value could not be calculated.

The ecoregions show huge variation in species richness and, as expected,
Phylogenetic Diversity is highly dependent on species richness (Fig. 6). Tropical
ecoregions (such as the central range Montane rainforests, New Guinea) have high
species richness and high Phylogenetic Diversity (Fig. 6, Table 4). When consider-
ing phylogenetic dispersion, however, other ecoregions show unusually high or low
values given their species richness (Table 4). The ecoregion with the lowest APD is
the New Caledonia dry forests. Because of its isolation, this fauna consists exclu-
sively of bats and thus all the species are relatively closely related. The ecoregion
with the highest APD was the Mount Lofty woodlands of South Australia, reflecting
relatively high numbers of marsupial species compared to the more tropically dis-
tributed bats and rodents.
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Fig. 6 Species-based rarefaction curves for mammal assemblages of terrestrial ecoregions of the
Australasian biogeographic realm Ecoregions are as defined by Olson et al. (2001). Data are
sourced from the wildfinder database (http://worldwildlife.org/pages/wildfinder). Three ecore-
gions are highlighted, as having minimum (New Caledonia dry forests), maximum (Mount Lofty
woodlands) or median (Central Range montane rainforests) values of phylogenetic dispersion
(APD)

Table4 Comparison of diversity measures for mammal assemblages of selected ecoregions of the
Australasian biogeographic realm

Species Phylogenetic Phylogenetic
Ecoregion richness diversity (Ma) dispersion (APD)
New Caledonia dry forests 7 347 51.3
Central range montane rainforests 109 2768 103.6
Mount Lofty woodlands 34 1504 110.7

Future Directions

As demonstrated here, rarefaction of PD has a straightforward application in stan-
dardising PD across samples so that they can be compared directly. Further, depend-
ing on the accumulation unit, the rarefaction formula can be extended to the
calculation of metrics of phylogenetic evenness, phylogenetic beta-diversity and
phylogenetic dispersion. However, the application of the PD rarefaction formula
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and its extension to other metrics is still very much in its infancy. Here I will outline
some future directions for PD rarefaction.

Rarefaction by units of species allows for the comparison of locations while
controlling for variation in species richness. This can easily be done by either rar-
efying all locations to a given number of species (Nipperess and Matsen 2013) or
via APD as demonstrated here. This kind of correction has previously been done by
including species richness as an explanatory variable in a statistical model and tak-
ing the residuals (Davies et al. 2008) or by comparison to a null model derived by
repeated subsampling (Davies et al. 2007). The latter method is often used as a
statistical test of phylogenetic dispersion (also known as phylogenetic structure)
where random draws are taken from a species pool, representing a null community
assembly process (Webb 2000). Such methods are no longer necessary as the exact
relationship between species richness and PD is described by the rarefaction curve
(Nipperess and Matsen 2013). Further, the exact analytical solution is computation-
ally efficient, allowing for practical application to very large datasets.

By removing the effect of species richness, we can identify “evolutionary
hotspots” with higher than expected phylogenetic diversity (Davies et al. 2008;
Nipperess and Matsen 2013) on a regional or global scale. We can then use the
standardised PD values (called relative PD by Davies et al. 2007) to explore the
environmental, ecological and historical processes that lead to the observed patterns
of high or low phylogenetic dispersion (Kooyman et al. 2013). Ultimately, we may
be able to develop the theory to predict these patterns (Davies et al. 2007), in a simi-
lar vein to what has been done for species richness (Arrhenius 1921; MacArthur and
Wilson 1963; Rosindell et al. 2011). For example, the relationship of species rich-
ness with area is well known but the phylogeny-area relationship has only recently
begun to be explored (Morlon et al. 2011). Rarefaction curves have an obvious con-
nection to species-area curves (Olszewski 2004) and thus the development of PD
rarefaction may well improve understanding of the phylogeny-area relationship. In
particular, species-based rarefaction of PD allows for the separation of species
diversity effects from those purely explained by phylogeny.

It is possible to predict how much Phylogenetic Diversity is yet to be sampled
from the observed rarefaction curve. Rarefaction is the basis of several species
diversity estimators, which attempt to calculate total diversity (including unseen
species) for a set of individuals or samples by effectively extending the curve beyond
the observed sampling depth (Colwell and Coddington 1994). It follows that a use-
ful extension of PD rarefaction would be a PD estimator that predicts unseen branch
length, given the observed rate of accumulation of PD. It is important to note that
PD rarefaction calculates the expected branch length gained by adding additional
accumulation units but does not predict where on the tree these branches will come
from. Similarly, a biodiversity estimator based on PD rarefaction may be able to
predict the amount of PD not yet sampled but would not be able to predict where
these unseen branches would be added to an existing tree. This would be, neverthe-
less, an exciting development.

It has recently been proposed that the standardisation of samples for species
diversity should not be done by rarefaction to the same size (i.e. no. of individuals),
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but rather by sample completeness (Alroy 2010; Jost 2010; Chao and Jost 2012).
Completeness, when measured by a statistic known as coverage (Good 1953), is the
proportion of individuals in a community that are represented by species in a sample
from that community (Chao and Jost 2012). When samples differ in their coverage,
they should be standardised to equal coverage before a “fair” comparison can be
made. Much like expected species richness, the coverage of a sample can be esti-
mated from the sample size and the distribution of individuals among the species in
the sample (Chao and Jost 2012). Given that standardisation by sample complete-
ness has been shown to yield a less biased comparison of species richness between
communities (Chao and Jost 2012), it would be desirable to have a similar method
of standardisation for PD. Since rarefaction of coverage is mathematically related to
rarefaction of sample size, the recent work on estimating PD from sample size will
no doubt form the basis from which estimated PD for sample coverage will be
developed.

Finally, a general issue when considering any PD measure is uncertainty regard-
ing the length of branches and the topology (branching pattern) of the tree. All PD
measures (including those presented here) assume that the branch lengths and their
arrangement in the tree are perfectly known. This is obviously an abstraction,
although PD can be surprisingly robust to this source of variation (Swenson 2009).
One solution to this dilemma is to calculate PD, including rarefied PD, for a large
number of possible trees and report the mean and confidence limits. The output
from a Bayesian phylogenetic analysis is a large number of trees, each with their
own topology and corresponding branch lengths (see for example Jetz et al. 2012)
and so lends itself well to this approach. However, when the possible trees number
in the thousands and tens of thousands, this is obviously computationally intensive.
An analytical solution, directly incorporating uncertainty into the calculation, would
therefore be desirable. This is not an easy extension of the PD rarefaction solution
because both variation in branch length and topology (affecting the probability of
encountering internal branches) would need to be taken into account. It is worth
remembering that phylogenetic relationships are not the only source of uncertainty
when investigating real ecological communities — neither the abundance, nor even
the presence (occupancy), of species are necessarily known with precision.

Conclusion

The formulation for the rarefaction of Phylogenetic Diversity (PD) is given in
expanded form to show its simplicity and its connection to the classic formula for
the rarefaction of species richness (Hurlbert 1971; Simberloff 1972). The method is
exact and efficient and should be preferred over the algorithmic (Monte Carlo) solu-
tion involving repeated random sub-sampling. Further, the extension to the calcula-
tion of APD provides a flexible and general framework for the measurement of
biodiversity as phylogenetic evenness, phylogenetic beta-diversity or phylogenetic
dispersion. The applications of PD rarefaction and APD presented here are
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hopefully useful in improving understanding of the importance of rarefaction in
ecology and in guiding future applications of the method. There are, I believe, excit-
ing prospects for PD rarefaction in the future, including as a general method for
standardising PD by removing variation with species richness, and for predicting
unseen (i.e. un-sampled) PD. The recent availability of comprehensive phylogenies
(Bininda-Emonds et al. 2007; Jetz et al. 2012) and rich data on species occurrences
(Flemons et al. 2007), coupled with analytical advances such as PD rarefaction,
allows us to better understand the distribution of Phylogenetic Diversity on the sur-
face of the Earth and the processes giving rise to that distribution. This is valuable
for its own sake but will also inform efforts to conserve as much of the Tree of Life
as possible in the face of future extinctions (Rosauer and Mooers 2013).
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Support in Area Prioritization Using
Phylogenetic Information

Daniel Rafael Miranda-Esquivel

Abstract Human activities have accelerated the level of global biodiversity loss.
As we cannot preserve all species and areas, we must prioritize what to protect.
Therefore, one of the most urgent goals and crucial tasks in conservation biology is
to prioritize areas. We could start by calculating ecological measures as richness or
endemicity, but they do not reflect the evolutionary diversity and distinctness of the
species in a given area. The conservation of biodiversity must be linked to the
understanding of the history of the taxa and the areas, and phylogeny give us the
core for such understanding. In such phylogenetic context, evolutionary distinctive-
ness (ED) is a feasible way for defining a ranking of areas that takes into account the
evolutionary history of each taxon that inhabits the area. As our knowledge of the
distribution or the phylogeny might be incomplete, I introduce Jack-knife re-
sampling in evolutionary distinctiveness prioritization analysis, as a way to evaluate
the support of the ranking of the areas to modifications in the data used. In this way,
some questions could be evaluated quantitatively as we could measure the confi-
dence of the results, since deleting at random part of the information (phylogenies
and/or distributions), would help to quantify the persistence of a given area in the
ranking.

Keywords Phylogenetic conservation ® Taxonomic distinctiveness ® Jack-knife

Conservation Planning

The biodiversity is at risk, therefore decisions must be made in order to tackle the
biodiversity crisis. In the process of conservation planning, one or maybe the most
important task is to evaluate the quality and importance of a given area. To fulfill
this task there are many metrics, from species richness to endemicity, but these two
values do not consider the evolutionary uniqueness of a species (Purvis and Hector
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2000). Any useful metric must include the evolutionary value of the species (Rolland
et al. 2012), where the most important and therefore the selected area is the one that
harbors the highest biodiversity, but this does not mean the highest number of spe-
cies but the highest number of unique species or evolutionary fronts.

There are many approaches in the context of phylogenetic diversity and conser-
vation, from community ecology to taxon or area conservation. Given this broad
spectrum, the questions are different and vary a lot. In the context of community
ecology and phylogeny, the approach is to evaluate whether there is structure in the
community given the phylogeny (Cavender-Bares et al. 2009), and therefore the
null model approach is used to present the null hypothesis. The species by area
matrix is shuffled (see: Gotelli and Graves 1996), or the species or area labels are
shuffled. Here the “support” is closer to the traditional confidence limits and error
evaluation.

To evaluate the diversity of an area using phylogenies as a general frame, two
main perspectives could be used, evolutionary distinctiveness (ED) or phylogenetic
diversity (PD). Evolutionary distinctiveness refers to species-specific measures
developed to assign scores to the species and therefore the areas they inhabit (Vane-
Wright et al. 1991). The measures are topology-based indices, calculated as “the
sum of basic taxic weights, Q, and the sum of standardised taxic weights, W.”
(Schweiger et al. 2008), and therefore are also known as Taxonomic distinctiveness
indices. Phylogenetic diversity (PD) is a distance-based index using minimum span-
ning path of the subset in the tree (Faith 1992). Redding et al. (2008) identified some
of the major differences between ED and PD. PD is effective only if all the species
within the optimal subset are protected, otherwise other optimal subsets are possi-
ble; unlike ED, PD is not species-specific and thus does not offer priority species
rankings, which are important to species conservation approaches as the [UCN Red
List of Threatened Species. Furthermore, topologies are more stable than branch
lengths. Increasing the number of characters or changing the set of characters sel-
dom leads to entire shifts in the relationships among species, whereas branch lengths
change considerably from one set of characters to another and permit only to state
about the evolution of the data set that generated the topology and the branch lengths
(Brown et al. 2010).

Indexes Used

I present the general protocol to evaluate species or areas in a phylogenetic context
in Fig. 1. The different indices for each species are calculated to obtain the species
phylogenetic values, while the sum of the indices of all species in a given area pro-
duces the areal phylogenetic values.

I used the traditional / & W indices created by Vane-Wright et al. (1991), along
with the modifications introduced by Posadas et al. (2001) to consider endemicity
and widespread species (I./W,), the size of the topology (I/W;) or both variables at
the same time (I./W,,). The standardization of the indices / and W enables the
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comparison of topologies with different number of species. In a topology with three
species (I (I IIT)), distributed as taxon I in area A, Il in B, and III in C. The taxon I
and therefore the area A will have a value of 2.0 for indices I and W, while in a five
species topology (I (IT (III (IV V)))), the taxon I will have an index value of 8.0 for
index I and 4.0 for index W, while the standardized I, for this taxon and the area it
inhabits will be 0.5 for both topologies.

If we consider the distributional pattern of the species, it could be endemic or
widespread. We could apply the same index value to all areas where the species is
present, but areas inhabited by widespread species will be selected, as we will sum
the index values for each taxon, while an area inhabited only by an endemic taxon
will be valued just for the single taxon it contains.

In a five taxa topology (Fig. 1), with four widespread species in the areas F, G,
and H. If we use index I these three areas are as important as the area A, while using
W index they are more important than the area A, as each area obtains the final index
value because of the sum of all species inhabiting the area. Areas F, G and H are
selected not because they are inhabited by unique species as area A but by wide-
spread species. Using I./W, or I../W,, the most important area is A, as it contains an
evolutionary unique species, which is not found elsewhere.

Given the plethora of indices to choose, Winter et al. (2013) presented an impor-
tant question: “We also call for a comprehensive guideline through the jungle of

Areas Species Phylogenetic Diversity Metrics
Species A B C D E F G H Sum I, 1, I w W, W, W.,

I X - - - - - - - 1 8 8 05 05 4 4 043 043
I X - X X X 4 4 4 025 025 2 2 021 0.21
Il X X X x 4 2 2 013 013 133 133 014 0.14
v X X X x 4 1 1 006 006 1 1011 0.1
v X X X x 4 1 1 006 006 1 1011 0.1

Sum 111114 4 4

3

Areal Phylogenetic Diversity Metrics
1, I, [ w w, w, W,

8 05 05 4 4 043 043
1 025 006 2 0.5 021 0.06
05 0.13 0.03 1.33 033 0.14 0.04
025 0.06 0.02 1 025 0.11 0.03
025 0.06 0.02 1 025 0.11 0.03
2 05 0.13 533 133 057 0.14
2 05 0.13 533 133 057 0.14
2 05 0.13 533 133 057 0.14

Area

T OTMOO wW>
@ o = = N A ®

Fig.1 An example for determining phylogenetic diversity metrics at species and area levels for a
hypothetical topology with five species (four widespread), distributed in eight areas (Modified
from Lehman (2006))
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available phylogenetic diversity indices, with particular respect to the needs of con-
servationists — which index helps to protect what?”. Part of the answer to this ques-
tion is given by the support to the decisions made, but in species or areas prioritization
the literature does not present any kind of support measure (Whiting et al. 2000;
Posadas et al. 2001; Pérez-Losada et al. 2002; L6épez-Osorio and Miranda-Esquivel
2010; Prado et al. 2010), neither the most recent revisions cite any measure to evalu-
ate the stability, confidence or support to the results (Schweiger et al. 2008; Vellend
et al. 2011).

Jack-Knife

In a jack-knife analysis, given a sample of observations and a parameter to evaluate,
a subsample is made by eliminating a proportion of the original data and the param-
eter is calculated for the subsample. This procedure is repeated n times and sum-
marized. Since the introduction of the jack-knife (Quenouille 1949), researchers
have used it, to define limits of confidence in many sorts of analyses, from statistics
(Efron 1979; Smith and van Belle 1984) and ecology (Crowley 1992) to phylogeny.
It has been used not only as a measure of support (Lanyon 1987), but as a way to
obtain the best solution for large data sets (Farris et al. 1996), to test competing
hypotheses (Miller 2003), to generalize the performance of predictive models or for
cross-validation to estimate the bias of a estimator. As the bootstrapping, it could be
seen as “‘a measure of robustness of the estimator with regard to small changes in the
data” (Holmes 2003).

I use this re-sampling approach to evaluate the support of the area ranking in the
context of conservation and phylogeny. Therefore, some questions could be evalu-
ated quantitatively.

Jack-Knife in Conservation

The use of a meta-criterion to define an optimal parameter value has been used
widely in phylogenetic analysis, i.e. the incongruence length difference test to
define the ts/tv/gap costs (Wheeler 1995) or jack-knife frequencies to evaluate
whether concavity parsimony outperforms linear parsimony (Goloboff et al. 2008).

In conservation biology, there must be a measure of the confidence and robust-
ness of the results. A sensitivity analysis, deleting at random part of the information,
helps to understand the support of the data as the persistence of a given area in the
ranking. Therefore, jack-knife is the appropriate tool to explore the behavior of the
results to perturbations in the data set (Holmes 2003).

In a conservation phylogenetic based analysis, there are three different items to
evaluate, as we have three input parameters: the topology, the species in a given
topology, and the distribution of a species.
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The first question arises when we ask about the distributional pattern of the spe-
cies: what if a locality (therefore all or some species in that area) is not included in
the analysis? A species could not be included in a given locality for three reasons,
because (1) it was never present there; (2) it is locally extinct; or (3) it was not
sampled, although the species is present in the area. To evaluate such situation, the
species can be deleted from a number areas to quantify the effect of missing
information.

The second question arises when a species included in the phylogenetic analysis
is not considered in the conservation analysis: what if a species is not included? A
species not included in the analysis will affect the index value as this depends on the
species included on the calculation. In this context, the presence of a species is
deleted from all the areas it inhabits.

The third question arises when we do not include a given phylogeny: what if a
phylogeny is not included? The whole topology might not be available for the con-
servation analysis. We could depend on a limited subset of phylogenies to the rank-
ing of an specific area. Here, the topology, therefore the species and their distributions
are deleted.

Given the three questions we can decide whether a phylogeny, a taxon or an area
is deleted, with different probability values:

e j.topol is the probability to choose a topology (= p)
e j.tip is the probability to choose a species (= q)
 j.area is the probability to choose an area (= r)

In the first scenario, an area is deleted from the distribution of a species with a
probability of p x g x r (0<p, g, r<1), that is, the probability to select the topology
and then select the species and then select the area. An area could be removed from
the whole analysis, and this has to be run only the number of areas times, eliminat-
ing a single area each time. It would show the position of the area in the ranking of
the areas and is equal to delete the area from the final results.

In the second scenario, a species is deleted from a single topology with a prob-
ability p x g (O<p, g<1, r=1.0), therefore all areas inhabited by this species will
not be included.

In the third scenario, the whole topology is not included in the analysis with a
probability p (0<p<1, g=r=1.0), all the species and areas, belonging to that topol-
ogy, will not be included in the analysis.

The first decision in the three scenarios, is made on the topology. As the number
of topologies NOT included increases with the value of p, the absolute indices val-
ues would be small and inversely proportional to the value of p.

Those areas prioritized because of its position in a single or just a few topologies
would change, the indices values would be lower, and the position of the area in the
ranking might change. If an area is supported by all or most of the topologies, its
position in the ranking must be stable, although the index value would be small in
all the replicates, therefore the index values per se are meaningless, but the ranking
is informative.
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There is a fourth question, not considered here, related to the length of the branch.
This question is valid in the context of Phylogenetic Diversity [PD] (Faith 1992),
Genetic Diversity [GD] (Crozier 1992), or total lineage divergence (Scheiner 2012)
[a metric similar to PD]. These methods require the precise estimation of the length,
therefore the accuracy of the index value depends heavily on the length estimation.

Although Krajewski (1994) considers that the debate of the use and calculations
of divergence in systematics and conservation are two topics, I consider that the
same criticisms to the accuracy estimation of the length in systematics will have a
profound impact in the decision made when the topology and its branch lengths are
used in conservation. And as this quotation from Brown et al. (2010) states, “in any
phylogenetic analysis, the biological plausibility of branch-length output must be
carefully considered”. Therefore, we must be well aware of the methodological
approach used to construct the phylogeny (Rannala et al. 2012).

Additionally, in some cases we must consider the sensitivity of PD value to intra-
specific variation (Albert et al. 2012). Therefore, we must take into account the
source of the tree (species vs. gene trees) [see for example Spinks and Shaffer
(2009)].

Optimal Scenario

Given a data set and n random perturbations on this data, if the index is robust, all
(or most) perturbations would yield the same general ranking. Therefore, in the
context of conservation in an optimal situation, we would prefer areas that:

1. Have the same position in the ranking (original and re-sampled), no matter if we
delete areas, species, or phylogenies
= same ranking or position, insensitive to changes in the item(s) deleted.
2. if not, at least must be the same position in the ranking but considering just a
subgroup (e.g. be first or second, or first to third).
3. Have the same position in the ranking (original and re-sampled), no matter the-
delete probability used (from 0.01 to 0.5).
= same ranking or position, insensitive to changes in the delete probability.
4. or, have the same position for most of the probabilities used, but not counting
extreme situations as a delete probability of 0.5.
= not too sensitive to the probability values used.

In a real world, an scenario to meet the requirements of the first and third condi-
tions is too strict and maybe impossible to fulfill. Therefore, my decision rules to
select the best index and the best ranking are based in the second and fourth situa-
tions. The area must have the same position in the ranking considering just a sub-
group, from the first to the third position in the ranking, no matter the type of item
deleted, and for most of the probability values.

An alternative measure is to evaluate the behavior of an index and its success as
the number of times that a replicate recovers part of the original ranking (e.g.
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Ist/2nd/3rd), but in any order. The researcher could consider only the first position
in the ranking and evaluates the persistence of this area, or could consider the whole
ordered ranking. These measures could be too strict and will be sensitive to the
smallest perturbation to the data set, while the first to third position would be enough
in terms of conservation planning.

Given any measure of success, the re-sampling approach in conservation have
some possible applications as:

1. Which is the best index? that will answer also, what do we want to conserve/use
to prioritize?
The best index would be defined as the most supported index, while the area
used would be that found for most of the probabilities used.
2. How stable is the ranking (e.g. 1st/2nd/3rd position)?
This is a variation of the previous question, but focused in the ranking, as we
prefer a supported ranking, we might evaluate the support for the original
ranking.

Proposed Protocol

Following the expected behavior in an optimal condition, first I evaluated the index.
I considered the best index as the one that recovered most times the same original
ranking -first to third areas-, as an ordered ranking. Then, using the selected index,
I evaluated the best area, as the one found most often in the first place.

I tested six scenarios by modifying j.topol and j.tip values as follows: j.topol
values of 0.50 and 0.32, and j.tip values of 1, 0.50 and 0.32. These values are just
used to introduce the concept, but they are similar to strong, mild and relaxed tests.
A value of 1 to delete a species means that all areas for that species will be deleted,
while a value of 0.32 means that one out of three will be deleted. Smaller values as
0.01 are discarded, it would make no difference, as the perturbation to the data
would be unimportant.

The effect of deleting areas is related to the number of areas inhabited. If the spe-
cies is in an endemic area, the effect of deleting an area would be as deleting the
whole species, while in a widespread species, the effect should be minimal with
indices as I./W, or I./W,, but we can not define which is the best index as the four
indices have similar properties. In all cases the probability of deleting areas was 1,
therefore I tested the effect of the topology and species but not the effect of the
distribution.
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Number of Replicates

Hedges (1992) presented the number 1825 as the number of replicates needed to
obtain an accuracy of +1 % for a bootstrapping proportion of 95 %. Although the
higher the number of replicates the higher the accuracy of the estimation of the
bootstrap or jack-knife value, Pattengale et al. (2010) introduced a stopping criteria
that yield lower figures as 500 replicates to get robust bootstrapping values for a
2500 taxa analysis. I randomized each scenario 10,000 times, that could be consid-
ered intuitively an appropriate number of replicates to estimate the jack-knife pro-
portion for conservation purposes.

For these analyses, I used a modified version of the program Richness (Posadas
etal. 2001) to randomize the data and to perform the index calculations [Jrich: avail-
able from https://github.com/Dmirandae/jrich], while the data analyses were per-
formed using the software R (R Core Team 2013) and the figures were prepared
using the library ggplot2 (Wickham 2009).

Empirical Examples

First Case: The Original Ranking Does Not Mean Support

Posadas et al. (2001) evaluated the conservation ranking in southern South America
areas. They found that depending on the index used, the selected area changed, as
the best area could be: Santiago (D), Nuble (F), Valdivia (H), or the Malvinas islands
(K). Also, for a single index, the values could be misleading, as the differences
between the W index values are quite small, and the ranking could be an artifact
rather than a real result (Table 1). I reanalyzed their dataset and found that the best
index for this analysis is I, (Fig. 2) as this index that has the highest jack-knife
frequency.

The most stable area using I, or raw W (the second best index), was the Malvinas
islands, a candidate to be the best area (Fig. 3). The high uncertainty in the area
chosen is eliminated when the support is included in the selection of the best area.
Santiago has the highest number of species and harbors the highest number of
endemic species, but it was not placed as the highest priority, while Malvinas island,
the second most endemic area has the highest priority. The inferences based on the

Table 1 First area in the ranking proposed by Posadas et al. (2001). For raw W the index values
are 52.62/52.58/52.05. Labels follow Posadas et al. (2001)

1 w
raw Malvinas islands (K) Yaldivia (H) or Santiago (D) or
Nuble (F)
. Malvinas islands (K) Malvinas islands (K)
N Santiago (D) Nuble (F)

o Malvinas islands (K) Nuble (F)
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un-sampled data set might be misleading, while jack-knifing could help to decide
which is the most supported solution.

Second Case: The Support for the Original Ranking

There are two main approaches to define amazonian areas of endemism, eight areas
from Bates et al. (1998) and Da Silva et al. (2005) or 16 areas from Da Silva and
Oren (1996). L6pez-Osorio and Miranda-Esquivel (2010), used both ways to estab-
lish conservation priorities for Amazonia’s areas of endemism.

Using Bates et al. (1998) areas, they found that Guiana and Inambari are the first
and second priority areas. Inambari is the richest area while Guiana presents the
highest endemicity value. Their inferences were based on W, on theoretical grounds
as the index includes endemicity and standardization (L6pez-Osorio and Miranda-
Esquivel 2010).

The reanalysis showed that the best index is either W,,, W, or W, (Fig. 4). These
three indices select Guiana as the first area and Inambari as the second area (Fig. 5),
as stated in the original paper. In this example the re-sampling reinforces the origi-
nal findings, giving a stronger support to the areas chosen as first and second in the
ranking.

Using the areas from Da Silva and Oren (1996), Lépez-Osorio and Miranda-
Esquivel (2010) found that depending on the index, either Guiana2 or Rondonia
could be the highest priority area, while the second area could be Guiana3,
Inamambari2 or even Rondonia or Guiana2. Therefore, the first question is, which
is the best index for conservation in Amazonia? and given that index, which are the
areas chosen as the first and second priority?.

Loépez-Osorio and Miranda-Esquivel (2010) found that most indices selected the
same area Guiana2, which could be seen as there is no difference given the index.
The reanalysis showed that in general I, and W, are more stable than any other index,
and I; behaves better than W,. As the size of the topologies is different and some
large topologies with more nodes may have more impact than smaller topologies,
standard 7 and W indices are not stable (Fig. 6). The first area is Guiana2 in all indi-
ces used, while the second area varies: Rondonia, Guiana3 or Inamambari2 (Fig. 7).
These results are similar to those found by Lépez-Osorio and Miranda-Esquivel
(2010). Here the re-sampling helped to resolve the initial discrepancy as the highest
priority is Guiana2 and not Rondonia, that could be a possible candidate. The sec-
ond area could be any of the three initially considered, so the evidence is not mis-
leading but inconclusive to define the second area, even after re-sampling the data.

These brief examples show that the confidence of the original ranking should be
evaluated using re-sampling, as an un-sampled ranking analysis could be unstable
when some information (phylogenies or species) is deleted. The results may render
any output, from a different answer from the original ranking to a congruent answer
with the original ranking. Only after the re-sampling analysis, the quality of the
answer could be stated without hesitation. Even if we only calculate the support for
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a given ranking, the results after re-sampling would give a clue of the situation when
the information is perturbed.
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