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Phylogenetic Inference

MATT HABER

Introduction

The task of reconstructing the history of life on earth falls, in part, to systematists.
Practitioners of systematics study the historical pattern of evolution among groups of
living things, i.e., phylogeny. Phylogeny is not directly observable; instead, it must be
inferred from data that are incomplete at best. Systematists face a set of problems that
is similar to those confronted by anyone who makes claims about the past: is there
sufficient evidence? Given the available evidence, what questions can or should be asked
and answered? What methods render the most reliable or justifiable conclusions?
What are the limits of these methods?

While the shape of these problems is familiar to philosophers and historians, there
are particular problems of inference in a field where evidence can be so scarce or difficult
to interpret. We can observe fossils, which may give information about common
ancestors of living taxa. However, some ancient forms presumably left no descendants,
so systematists do not always know what to look for. This situation is compounded by
poor or non-existent fossils of soft body parts, as well as by a spotty fossil record
(Vermeij 2006; Sober and Steel 2002). There are, of course, other kinds of clues to
phylogenetic relationships. The genetic, morphological, and behavioral characters of
living taxa suggest patterns of ancestry. This evidence is sometimes problematic, as it
is often difficult to discern whether these characters are similar because of common
ancestry or for other reasons (Sober and Steel 2002).

So what can biologists meaningfully say about phylogeny? This is one of the central
problems in systematics. Broadly, two different issues have been at the center of recent
systematics debates: given epistemic limitations, whether any inference of phylogeny
may justifiably be drawn; and given an affirmative answer, what methods ought
biologists use to justifiably infer phylogenies, and what are the limits of these inferences?
Here I will place these debates in their historical, scientific, and conceptual contexts.

There is general agreement in the systematics community that meaningful inferences
of phylogeny may be drawn. Contemporary systematists are typically called “phyloge-
netic systematists” or “cladists” to reflect their commitment to the task of reconstruct-
ing these relationships (though, as will be seen below, debates over methodological tools
have given rise to controversy over the application of these labels). Though the issue
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of whether phylogeny reconstruction is a legitimate task for biologists is largely
settled, the shape of that debate set the tone for contemporary conceptual debates in
systematics. In the next section I describe what was at stake in that debate, and how
it left the nature of phylogenetic inference as a central conceptual issue in system-
atics. With the important issue of whether systematics is possible largely settled, there
have been several debates centered on how to go about it. Phylogeny reconstruction
methodology, and the subsequent shape and justification of phylogenetic inference,
are still very much live issues. I provide an overview of recent and current disputes in
section three.

From Art to Science: An Introduction to Schools of Thought

A demand for rigor: numerical taxonomy

The publication of Linnaeus’ Systema Naturae in 1735 may mark the beginning of
modern systematics, and the publication of Darwin’s On The Origins Of Species
obviously had a major impact on biologists. However, it is only rather recently that
the broad goal of systematics has been to display the evolutionary relations of taxa using
phylogenetic trees (figure 20.1) (Hull 1988). The cladistic school arose in the late
1960s/early 1970s and challenged what was known as numerical taxonomy, or phe-
netics. Pheneticists advocated using similarity algorithms as a method of classification
of taxa. This involved quantitatively coding characters of the taxa in question (e.g., mor-
phological traits such as fur length), then using a similarity matrix to cluster those groups
that were most similar (figure 20.1b). Notably, pheneticists did not think that the
evolutionary relationships of these groups could be validly inferred, and strove for what
they claimed would be an objective classification based on observable character states:

Before proceeding, it is necessary that we clearly define our use of the term “numerical
taxonomy.” We mean by it the numerical evaluation of the affinity or similarity between
taxonomic units and the ordering of these units into taxa on the basis of their affinities. (Sokal
and Sneath 1963: 48, emphasis in original).

Salmon Lungfish Cow Salmon Lungfish Cow

(a) (b)

Figure 20.1 A phylogenetic classification (a) groups taxa by evolutionary relatedness, as
defined by most recent common ancestor. The result is a cladogram displaying nested sets
of clades. Phenetic classifications (b) produce phenograms that group taxa according to
similarity indexes, and do not display evolutionary relationships
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Numerical taxonomy arose in response to entrenched methods of taxonomy — what
came to be known as evolutionary taxonomy. The primary criticism from pheneticists
was that taxonomy was being practiced more as art than science. Pheneticists argued
that taxonomists ought to strive for a scientific approach to taxonomy — namely, using
methods that were both objective and repeatable (Sokal and Sneath 1963: 49). This
amounted to a demand for rigor and articulation of method, i.e., a dispute over what
could be justified as a scientific explanation or hypothesis.

For advocates of pheneticism, a scientific approach to taxonomy amounted to using
transparent, explicit methods that produced repeatable outcomes that could be tested
by anyone familiar with the methodology and with access to the data set. This stood
in contrast to traditional practice in taxonomy, which pheneticists charged relied
primarily on intuition and appeals to authority. Testability, repeatability, and trans-
parency of methodology was tied to a notion of objectivity — in particular, to the
notion that overall similarity between organisms is a function of the similarity of the
characters being compared between the organisms (Sokal and Sneath 1963: 50,
axiom 3). The pheneticist line was that incorporation of more characters would
produce better overall similarity measures, and group taxa in the most informative way.
(Notice, too, the emphasis placed on characters, as opposed to history. This concerns
a related debate over the nature of biological taxa.)

The “objectivity” criterion that anchors the other scientific criteria identified by
pheneticists is easily misunderstood. “Objective” was not meant to imply that the
affinities between entities were theory free; simply that given some set of parameters
and data, a mean similarity could be determined without resort to subjective interfer-
ence (Sokal and Sneath 1963: 268-9). Whether the notions of “objective” advocated
by pheneticists in theory were consistent with phenetic methodology in practice, and
whether these notions are coherent is a matter of some controversy (Hull 1970).

Phenetic claims of objectivity should also not be understood as equivalent to
staking out a realist position with regard to hypothesized taxa. These are independent
issues, though often conflated; pheneticists could just as easily be instrumentalists
as realists with regard to proposed taxonomies. That said, there was an underlying
assumption in numerical taxonomy that selection and identification of characters was
a strictly empirical procedure, and that theory should not enter into such selections.
This is resonant in the resistance pheneticists exhibited towards partitioning of data
into informative and non-informative, ultimately producing a clash with cladists over
what counts as evidence:

Until and unless methods are developed for objectively assessing and quantifying the
phylogenetic significance of character differences or affinities, the consideration of such
information is incompatible with our stated aim of objectivity and repeatability for the
taxonomic process. (Sokal and Sneath 1963: 55)

Objectivity: the phylogenetic perspective

Phylogeneticists argued that no such objective classification was possible based on the
inductive methods of phenetics, and that inferences of evolutionary relationships of taxa
could, indeed, be justified. Phylogeneticists followed Willi Hennig in taking the aim of
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systematics to be the construction of phylogenetic trees that reflected nested sets of
sister-taxa, that is, taxa that are descended from a common ancestor (figure 20.1a)
(Hennig 1966). These sets of sister-taxa are clades or monophyletic groups (i.e., an
ancestor and all and only its descendants), hence the term cladistic analysis.
Phylogenetic analyses produce cladograms that display phylogenetic relationships, but
do not necessarily convey any objective similarity between the taxa. This reflects the
phylogenetic claim that morphological similarity alone does not necessarily correlate
to evolutionary relatedness, and that only derived traits were informative in system-
atic analysis. Not surprisingly, phenetic and phylogenetic analyses of data can produce
significantly different results (figure 20.1).

Indeed, cladist criticisms of phenetics call into question the entire notion of objec-
tive similarity in evolutionary analysis (Hull 1970). In its place, cladists argued that
in a phylogenetic context relevant similarity should be understood in terms of shared,
derived history. This argument amounts to the claim that absent some theoretically
justifiable notion of relevance, similarity is an empty claim (Griffiths 1974; see also
Goodman 1972). Specifying phylogenetic context as a theoretical basis for relevance
provides content to claims of similarity. This is an instance of a more general issue
concerning the nature of how similarity relations hold between theoretical models and
designated systems (Giere 1988; Teller 2001; Callender and Cohen 2006).

The pheneticists’ notion of objectivity was also called into question in a closely related
debate over the nature of higher taxa. Many cladists embraced the thesis that taxa (includ-
ing species) are historical individuals/systems, as opposed to classes (Ghiselin 1974;
Griffiths 1974; Hull 1976). Committing to this tenet recasts much of the debate, e.g.,
over what constitutes a “biologically interesting group” — characters or ancestry
(Griesemer, 2000; Hamilton and Haber 2006; Ghiselin 2007).

Cladists rejected the notion that objective similarity was something that could be dis-
covered using quantitative analysis, instead advocating a systematic analysis justified
by appeal to theoretically driven notions of relevance. Nonetheless, cladists embraced
the notions of repeatability and testability as criteria of scientific methodology that must
be met to produce satisfactory hypotheses of phylogeny. These criteria concern which
techniques are suitable for inferring phylogeny; hence the shift in systematics from debates
over whether to infer phylogeny to debates concerning how to infer phylogeny.

How to Infer Phylogeny, Or, Why Some Cladists Aren’t “Cladists”

The phylogenetic technique of choice among cladists was broadly known as parsimony
(Hull 1988; Sober 1988). Though there are some variants of parsimony, for the
purpose at hand these can be ignored. Which phylogenetic tree is most parsimonious
depends, of course, on what is getting counted. Proponents of parsimony analysis count
evolutionary events, i.e., hypotheses of the evolution of a trait. The most parsimonious
tree is that one that requires the least number of evolutionary events yet is con-
sistent with the observed data — viz., the distribution of characters across groups.
Phylogenetic trees could, however, be ranked for parsimony based on other features.
This is just to say that simplicity is not simply read directly off of these phylogenetic
models, but is itself a claim in need of justification or explanation. This is reminiscent
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of modern formulations of the problem of induction (Goodman 1955). All this leaves
aside another, more fundamental, issue: the nature of parsimony in science. (See
Sober 1988 for a discussion of the role parsimony plays in scientific reasoning, and Skipper
(2002) and Plutynski (2005) for an example of how different positions in that debate
might be applied to cases in biology.)

Many leading cladistic theorists initially justified parsimony techniques by explicitly
appealing to Karl Popper’s falsificationism (Wiley 1975; Eldredge and Cracraft 1980;
Farris 1983). Briefly, falsificationism is a philosophical thesis about the scientific
method. On Popper’s account, scientific theories and hypotheses should not be evalu-
ated on the basis of confirmation (or verification), but rather of falsification (Popper
1959). Experiments producing confirming evidence of a theory are of little to no value;
only experiments that test scientific theories by seeking falsifying evidence offer evalu-
ative information conforming to the scientific method. For Popper, the best theories
are bold hypotheses that have passed rigorous attempts at falsification, and are, thus,
corroborated.

Popper presented falsificationism as the scientific method that successfully solves the
problem of induction. Cladists pressed falsificationism into service to solve the problem
of phylogenetic inference, while simultaneously satisfying the criteria of scientific
methodology inherited from prior debates in systematics. Phenetic methods were
decried as confirmationist, while parsimony analysis was framed in a falsificationist
framework (Wiley 1975; Farris 1983). The most parsimonious phylogenetic tree was
said to be the most corroborated phylogenetic hypothesis, and a bold hypothesis of the
evolutionary relationships between the taxa being studied. This phylogenetic tree was
subject to being falsified if the discovery or addition of new characters revealed a more
parsimonious phylogenetic tree.

The reconstruction of phylogeny using parsimony involves the construction of a tree-
like (i.e., bifurcating) model to represent a section of the actual phylogenetic pattern
of a historical lineage (e.g., new branches represent a speciation event). Note the
importance of the distinction between the “true tree” and a “phylogenetic tree.”
The “true tree” is the actual historical lineage of life, (or part of that actual historical
lineage). The “phylogenetic tree,” on the other hand, is a historiographic model that
systematists treat as a hypothesis about the structure of the actual lineage (Haber 2005).
Parsimony provides a way to both construct and evaluate different hypotheses of a
section of the actual historical lineage.

In the late 1970s, phylogeneticist Joseph Felsenstein discovered that lineages of a
certain shape were subject to a systematic error in parsimony analysis (Felsenstein 1978,
1979, 1981, 2004). One example of this problem is called long-branch attraction (after
the shape of the lineage described by Felsenstein; figure 20.2). In phylogenetic trees,
branches connect nodes to other nodes or taxa. The length of these branches can be
used to represent the amount of evolutionary change along a branch. In long-branch
attraction, the taxa at the ends of long branches of lineages are mistakenly grouped
together by parsimony instead of with the groups with which they actually share a
more recent common ancestor (figure 20.2b).

Long-branch attraction is not merely a problem at an operational level, but also
presents a challenge to the falsificationist underpinnings of parsimony. As more data
(in the form of characters) are discovered or added to analyses, the previously most
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Figure 20.2 (a) represents the actual pattern of evolution (i.e., the actual historical lineage
of A, B, C, and D), with the branch lengths indicating amount of evolutionary change. This
tree is unrooted, i.e., it is not time directional. The phylogenetic trees at (b) and (c) are rooted,
with extant taxa at the labeled tips. (b) is a parsimony analysis of the data from (a), whereas
(c) is an ML analysis of the same data. Note that the evolutionary relationships displayed in
the parsimony phylogenetic tree are nor isomorphic with the actual evolutionary
relationships. The long-branch error occurs in (b) in hypotheses based on the number of
proposed evolutionary events needed to account for all the characters exhibited by the taxa.
For example, hypothesis (b) would receive a parsimony score of 10, whereas (c) would receive
a parsimony score of 16

parsimonious phylogenetic trees are subject to being falsified in favor of more parsi-
monious phylogenetic trees. These new phylogenetic trees, then, are held up as bold
hypotheses and either corroborated or rejected in favor of ever more parsimonious trees
that are subject to being tested. Felsenstein showed that as more characters are added,
parsimony techniques become more subject to making a long-branch attraction error.
This is because as more characters are added, it raises the possibility that there will be
along branch in the tree. In other words, parsimony techniques are more prone to reject-
ing hypotheses that correctly capture actual phylogenetic relations while corroborat-
ing less accurate but more parsimonious phylogenetic hypotheses — seemingly
producing a systematic inferential error!

To avoid long-branch attraction, Felsenstein proposed using maximum-likelihood (ML)
techniques to formulate phylogenetic trees (Felsenstein 1981). ML picks out the
phylogenetic tree that has the highest likelihood value (conditional on the data); i.e.,
the phylogenetic hypothesis that confers the highest probability on the data is the
phylogenetic tree given the highest ML value. Simulation studies have shown that ML
methods are not subject to long-branch attraction ( fig. 2c¢) (Huelsenbeck and Hillis 1993;
Hillis et al. 1994; Swofford et al. 1996; Huelsenbeck and Rannala 1997).
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Many cladistic theorists did not welcome ML methods. A split formed in the systematics
community between those that advocated using parsimony techniques exclusively, and
those that advocated using statistical techniques such as ML. The former group appro-
priated the name Cladists (whom I shall call capital “C” cladists); the latter group identified
themselves as statistical phylogeneticists. Statistical phylogeneticists typically consider
parsimony methods to be just another statistical method (or, at least, as a method that
can be construed as using or derived from statistical methods rather than from a
falsificationist framework (Tuffly and Steel 1997; Sober 2004)). Cladists, on the other
hand, do not consider statistical techniques to be valid forms of phylogenetic infer-
ence, and some question whether statistical methods conform to what they consider
the “scientific method,” viz., a particular form of falsificationism (Farris 1983; Kluge
1997a, 1997b). The debate is primarily over the justification of techniques and sub-
sequent inferences that may be drawn. Indeed, Cladists have argued that parsimony
analysis itself should be rejected as unsubstantiated if formulated using statistical
methods:

If reasoning from unsubstantiated suppositions cannot legitimately question parsimony,
then neither can it properly bolster that criterion. The statistical approach to phylogenetic
inference was wrong from the start for it rests on the idea that to study phylogeny at all,
one must first know in great detail how evolution has proceeded. That cannot very well
be the way in which scientific knowledge is obtained. (Farris 1983: 17)

Just as long-branch attraction poses a conceptual challenge to Cladists, the resistance
to explicitly statistical techniques is grounded in conceptual concerns. At stake is
whether particular methods satisfy some scientific criteria — typically, whether ML
techniques satisfy falsificationist criteria or are best understood as embodying a
verificationist scientific method (in which case, the argument runs, they ought to
be rejected on principle). This dispute has two common fronts: (1) whether statistical
techniques can be properly construed in a falsificationist framework; and (2) how to
best understand falsificationism (Siddall and Kluge 1997; de Queiroz and Poe 2001;
Kluge 2001; de Queiroz and Poe 2003). As a result, literature in systematics can read
like Popper studies.

Another question is the extent to which the falsificationism espoused by systemat-
ists actually resembles that discussed in the philosophical literature (see Farris 1983;
Hull 1983, 1999; Sober 1988). There do seem to be at least some important differ-
ences, which may have bearing on the debates over phylogenetic inference (Gillies 1990;
Urbach 1991; Siddall and Kluge 1997).

Most contemporary philosophers of science are critical of the idea that falsifica-
tionism is the only acceptable method of science (Sober 2000). Many question whether
it is even a very good thesis about scientific methodology (Howson and Urbach 1993),
and most post-Quine and Kuhn philosophers of science have come to reject the thesis
that any scientific hypothesis can be falsified in isolation. So it is perhaps somewhat
surprising to philosophers of science that very few systematists have argued against
the premise that falsificationism is the desired scientific methodology (though see
Sober and Steel 2002, for an account of parsimony presented to systematists that is
openly distanced from falsificationism). This situation is likely to change with the
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emergence of a new group within statistical phylogenetics: Bayesians (Huelsenbeck and
Ronquist 2001; Alfaro and Holder 2006).

Bayesian phylogeneticists, as the name would imply, use Bayesian phylogenetic
techniques to construct phylogenetic trees. The purpose of this analysis is to distribute
posterior probabilities (probabilities that take into account evidence and prior know-
ledge) over a range of possible phylogenetic trees. Bayesian phylogeneticists use
what are known as Markov Chain Monte Carlo (MCMC) algorithms to approximate the
rational distribution of these posterior probabilities that lead to the selection of which
phylogenetic trees (or consensus trees) are most probable (Larget and Simon 1999;
Huelsenbeck and Ronquist 2001; Huelsenbeck et al. 2001; Huelsenbeck et al. 2002;
Alfaro and Holder 2006). Though non-Bayesian statistical phylogeneticists typically
consider Bayesians fellow statistical phylogeneticists, some harbor skepticism towards
the Bayesian phylogenetic methods. Indeed, this points to what will likely constitute
the most important debates concerning phylogenetic inference: (1) the nature of
specification and distribution of relevant “priors” for phylogenetic analysis, i.e. how do
biologists evaluate the prior probabilities of phylogenic trees prior to considering new
evidence that causes the posterior redistribution of probabilities; and (2) the use of these
posterior probabilities as justification of phylogenetic inference (Alfaro and Holder
2006). Another problem that Bayesian statistical phylogeny shares with philoso-
phical discussion of causation in general is the assumption of Markov conditions;
namely, that “A variable represented by a node in the Bayesian network is independ-
ent of all variables represented by its non-descendent nodes in the Bayesian network,
conditional on all variables represented by its parents nodes” (Bovens and Hartmann
2003 69). This assumption has often failed to hold in the history of life because of
hybridization, the merger of two species, and symbiotic relations between two species
that then become a single organism. Life, in other words, is causally “incestuous.”
Accounting for hybridization is a challenge for all methods of phylogenetic analysis.
Though each method has particular strategies for accommodating this, typically it
simply gets ignored. That is, phylogenetic models, like scientific models more gener-
ally, include simplifying idealizations, one of which is the assumption that branches
split, but do not coalesce. Once again, philosophers will recognize these issues as fam-
iliar, and will have the opportunity to constructively contribute to how these debates
unfold in systematics.

Summary and Synthesis

Systematists widely agree that reconstruction of phylogeny is a central task in systematics.
As a result, justification of phylogenetic inference is a central conceptual issue for
systematists. Broadly, three major schools have emerged in modern systematics, each
tackling the problem of phylogenetic inference differently: Cladists, statistical phylo-
geneticists, and Bayesians. Cladists espouse using parsimony analysis on falsification-
ist grounds, looking to Popper for a solution to the problem of inference. Statistical
phylogeneticists advocate using ML methods, relying on classical statistical techniques
(which may or may not be grounded in falsificationism) and simulation studies.
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Bayesians aim to incorporate inference more directly into their phylogenetic hypo-
theses, explicitly displaying prior assumptions and posterior probabilities.

One of the central problems to be tackled is how to adjudicate among the products
of the various methods in phylogenetics. These methods reflect different philoso-
phical stances that may be staked out by scientists concerned with historical events,
reflecting a difference in how various research goals and problems are valued and
prioritized. What makes a hypothesis about the past best or better? Hypotheses that
more closely resemble history as it in fact unfolded, hypotheses that conform to
methodological criteria, or hypotheses that present clearly testable explanations of
particular historical phenomena?

One possible model for sifting through the issues raised by competing methodologies
in phylogenetics is offered by Wilson and Sober’s (1989) competing conceptual frame-
works. Rather than conceive of competing phylogenetic techniques as hypotheses in
direct competition, they may be better thought of as competing conceptual frameworks.
Whereas competing hypotheses are exclusionary (i.e., if one is right, then all others
must be false), competing conceptual frameworks should be understood as competing
differently. Competing hypotheses share a vocabulary, i.e., the meaning of theoretical
terms is consistent across competing hypotheses. Competing conceptual frameworks,
on the other hand, may share terms, though these terms may have very different
meanings in different frameworks, i.e., there may not be a shared vocabulary. So though
at a surface level competing conceptual frameworks may seem exclusionary, they are
often, in fact, simply making very different claims about the same system. As a result,
the relation between competing conceptual frameworks might not be contrary or
contradictory, but complementary.

The notion of competing conceptual frameworks begins to capture the state of the
art in systematics, for to truly understand what a phylogenetic hypothesis amounts to,
one must have a deep understanding of the nature, scope, and strength of justification
that a particular method imparts on that hypothesis. It is for this reason that though
two phylogenetic trees may share a topology, if produced from different methods
they must be taken as conveying different hypotheses about phylogeny. Though the
topology of the trees may be inter-translatable, the same may not be said of the
inferences drawn from those trees (pace Sober 2004).

Note that in all three phylogenetic schools of thought the hypotheses of phylogeny
are conditional claims. Phylogenetic systematists are all too aware of the epistemic
limitations they face, hence the heated debates over the proper justification of phylo-
genetic inference. Philosophers have paid some attention to systematics, but not
nearly to the extent that the material — or even the scientists — demands. Systematists
have been openly engaging in philosophical discourse in the biological literature, but
have very different research interests and agendas than philosophers. There is a rich
story here, waiting for philosophical analysis.
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